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Description 

Background of the Invention 

s The Invention relates to the field of high temperature composites made by the chemical vapor Infiltration and dep- 
osition of a binding matrix within a porous structure. More particularly, the invention relates to pressure gradient proc- 
esses for forcing infiltration of a reactant gas into a porous structure, apparatus for carrying out those processes, and 
the resulting products. 

Chemical vapor infiltration and deposition (CVI/CVD) is a well known process for depositing a binding matrix within 

io a porous structure. The term "chemical vapor deposition" (CVD) generally implies deposition of a surface coating, but 
the term Is also used to refer to Infiltration and deposition of a matrix within a porous structure. As used herein, the term 
CVI/CVD is intended to refer to infiltration and deposition of a matrix within a porous structure. The technique is partic- 
ularly suitable for fabricating high temperature structural composites by depositing a carbonaceous or ceramic matrix 
within a carbonaceous or ceramic porous structure resulting in very useful structures such as carbon/carbon aircraft 

75 brake disks, and ceramic combustor or turbine components. The generally known CVI/CVD processes may be classi- 
fied into four general categories: isothermal, thermal gradient, pressure gradient, and pulsed flow. Sea W.V. Kotlensky, 
Deposition of Pvrolvtic Carbon in Porous Solids . 8 Chemistry and Physics of Carbon, 1 73, 190-203 (1973); W.J. Lackey, 
Reviaw. Status, and Future of the Chemical Vapor Infiltration Process far Fabrication of Fiber-Reinforced Ceramic Com- 
posites. Ceram. Eng. Sci. Proc. 1 0I7-8] 577, 577-81 (1989) (W.J. Lackey refers to the pressure gradient process as "iso- 

so thermal forced flow"). In an isothermal CVI/CVD process, a reactant gas passes around a heated porous structure at 
absolute pressures as low as a few millitorr. The gasdiffuses into the porous structure driven by concentration gradients 
and cracks to deposit a binding matrix. This process is also known as "conventional" CVI/CVD. The porous structure is 
heated to a more or less uniform temperature, hence the term "isothermal" but this is actually a misnomer. Some var- 
iations in temperature within the porous structure are inevitable due to uneven heating (essentially unavoidable in most 

is furnaces), cooling of some portions due to reactant gas flow, and heating or cooling of other portions due to heat of 
reaction effects. In essence, Isothermal" means that there Is no attempt to Induce a thermal gradient that preferentially 
affects deposition of a binding matrix. This process is well suited for simultaneously densifying large quantities of 
porous articles and is particularly suited for making carbon/carbon brake disks, With appropriate processing conditions, 
a matrix with desirable physical properties can be deposited. However, conventional CVI/CVD may require weeks of 

30 continual processing in order to achieve a useful density, and the surface tends to densify first resulting in "seal-coating" 
that prevents further infiltration of reactant gas into inner regions of the porous structure. Thus, this technique generally 
requires several surface machining operations that Interrupt the denslflcatlon process. 

In a thermal gradient CVI/CVD process, a porous structure is heated in a manner that generates steep thermal gra- 
dients that induce deposition in a desired portion of the porous structure. The thermal gradients may be induced by 

35 heating only one surface of a porous structure, for example by placing a porous structure surface against a susceptor 
wall, and may be enhanced by cooling an opposing surface, for example by placing the opposing surface of the porous 
structure against a liquid cooled wall. Deposition of the binding matrix progresses from the hot surface to the cold sur- 
face. The f ixturing for a thermal gradient process tends to be complex, expensive, and difficult to implement for densi- 
fying relatively large quantities of porous structures. 

40 in a pressure gradient CVI/CVD process, the reactant gas is forced tof low through the porous structure by inducing 
a pressure gradient from one surface of the porous structure to an opposing surface of the porous structure. Flow rate 
of the reactant gas Is greatly Increased relative to the Isothermal and thermal gradient processes which results In 
increased deposition rate of the binding matrix. This process is also known as "forced -flow" CVI/CVD. Prior f ixturing for 
pressure gradient CVI/CVD tends to be complex, expensive, and difficult to implement for densifying large quantities of 

45 porous structures. An example of a process that generates a longitudinal pressure gradient along the lengths of a bun- 
dle of unidirectional fibers Is provided In S. Kamura, N. Takase. S. Kasuya, and E. Yasuda, Fracture Behaviour of C 
Fiber/ CVD C Composite . Carbon '80 (German Ceramic Society) (1980). An example of a process that develops a pure 
radial pressure gradient for densifying an annular porous wall is provided in United States Patents 4,212,906 and 
4,134,360. The annular porous wall disclosed by these patents may be formed from a multitude of stacked annular 

so disks (for making brake disks) or as a unitary tubular structure. For thick-walled structural composites, a pure radial 
pressure gradient process generates a very large, undesirable density gradient from the inside cylindrical surface to the 
outside cylindrical surface of the annular porous wall. Also, the surface subjected to the high pressure tends to densify 
very rapidly causing that surface to seel and prevent infiltration of the reactant gas to low density regions. This behavior 
seriously limits the utility of the pure radial pressure gradient process. 

55 Finally, pulsed flow involves rapidly and cyclically filling and evacuating a chamber containing the heated porous 
structure with the reactant gas. The cyclical action forces the reactant gas to infiltrate the porous structure and also 
forces removal of the cracked reactant gas by-products from the porous structure. The equipment to Implement such a 
process is complex, expensive, and difficult to maintain. This process is very difficult to implement for densifying large 
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numbers of porous structures. 

Many workers in the art have combined the thermal gradient and pressure gradient processes resulting in a "ther- 
mal gradient-forced How" process. Combining the processes appears to overcome the shortcomings of each of the indi- 
vidual processes and results in very rapid densification of porous structures. However, combining the processes also 

5 results In twice the complexity since flxturlng and equipment must be provided to Induce both thermal and pressure gra- 
dients with some degree of control. A process for densifying small disks and tubes according to a thermal gradient- 
forced flow process is disclosed by United States Patent 4,580,524; and by A.J. Caputo and W.J. Lackey, Fabrication of 
Fiber-Reinforced Ceramic Composites by Chemical Vapor Infiltration. Prepared by the OAK RIDGE NATIONAL LABO- 
RATORY for the U.S. DEPARTMENT OF ENERGY under Contract No. DE-AD05-S40R21400 (1984). According to this 

to process, a fibrous preform is disposed within a water cooled jacket. The top of the preform is heated and a gas is forced 
to (low through the preform to the heated portion where It cracks and deposits a matrix A process for depositing a 
matrix within a tubular porous structure is disclosed by United States Patent 4,895,108. According to this process, the 
outer cylindrical surface of the tubular porous structure is heated and the inner cylindrical surface is cooled by a water 
jacket The reactant gas is introduced to the inner cylindrical surface. 8imilar forced flow-thermal gradient processes for 

t$ forming various articles are disclosed by T. Hunh, C.V. BurWand, and B. Bustamante, Densification of a Thick Disk Pre- 
form with Silicon Carbide Matrix by a CV1 Process. Ceram. Eng. Sci. Proc 12[9-10] pp. 2005-2014 (1991); TM Bes- 
mann, R.A. Lowden, D.P. Stinton, and T.L. Starr, A Method for Rapid Chemical Vacor Infiltration of Ceramic ComppBrtes. 
Journal De Physique, Colloque C5, supplement au n°5, Ttome 50 (1989); T.D. Gulden, J.L Kaae, and K.R Norton, 
Poroed-Flow Thermal-Gradient Chemical Vapor Infiltration (CVD of Ceramic Matrix Composites. Proc. -Electrochemical 

so Society (1990), 90-12 (Proc. Int. Conf. Chem. Vap. Deposition, 11th, 1990)546-52, Each of these disclosures describes 
processes for densifying only one porous article at a time, which is impractical for simultaneously processing large num- 
bers of composite articles such as carbon/carbon brake disks. 

In spite of these advances, a CVI/CVD process and an apparatus for implementing that process are desired that 
rapidly and uniformly densities porous structures while minimizing cost and complexity. Such a process would prefena- 

£5 bly be capable of simultaneously densifying large numbers (as many as hundreds) of individual porous structures. In 
particular, a process Is desired for rapidly and economically densifying large numbers of annular fibrous preform struc- 
tures for aircraft brake disks having desirable physical properties. 

Summary of the Invention 

30 

According to an aspect of the invention, a CVI/CVD process is provided, comprising the steps of: 

partially densifying a porous structure within a CVI/CVD furnace by depositing a first matrix within the porous struc- 
ture with a pressure gradient CVI/CVD process in which a first portion of the porous structure is subjected to a 
35 greater pressure than a second portion of the porous structure and the first portion has a greater bulk density gain 
than the second portion; and, 

subsequently densifying the porous structure by depositing a second matrix within the porous structure with at least 
one additional densification process in which the second portion has a greater bulk density gain than the first por- 
tion. 

40 

According to another aspect of the invention, a CVI/CVD process is provided, comprising the steps of: 

partially densifying a multitude of annular fibrous carbon structures within a CVI/CVD furnace by depositing a first 
carbon matrix within the annular fibrous carbon structure with a pressure gradient CVI/CVD process in which a first 
as portion of each annular fibrous carbon structure is subjected to a greater pressure than a second portion of each 
annular fibrous carbon structure and the first portion has a greater bulk density gain than the second portion; and, 
subsequently densifying the multitude of annular fibrous carbon structures by depositing a second carbonaceous 
matrix within each annular fibrous carbon structure with at least one additional densification process in which the 
second portion has a greater bulk density gain than the first portion. 

so 

According to yet another aspect of the invention, a friction disk is provided, comprising: 

a densif ied annular porous structure having a first carbon matrix deposited within the annular porous structure and 
a second carbon matrix deposited within the annular porous structure overlyinQ the first carbon matrix, the densi- 
55 f ied annular porous structure having two generally parallel planar surfaces bounded by an inside circumferential 
surface and an outside circumferential surface spaced from and encircling the inside circumferential surface, a first 
circumferential portion adjacent the Inside circumferential surface, and a second circumferential portion adjacent 
the outside circumferential surface, wherein the first and second circumferential portions are bounded by the two 
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generally parallel planar surfaces, the second circumferential portion having at least 10% lees of the first carbon 
matrix per unit volume relative to the first circumferential portion, the first carbon matrix and the second carbon 
matrix having a substantially rough laminar microstructure, and the first carbon matrix being more graphitized than 
the second carbon matrix. 

5 

According to still another aspect of the invention, a CVI/CVD process in a CVI/CVD furnace is provided, comprising 
the steps of : 

introducing a reactant gas into a sealed preheater disposed within the CVI/CVD furnace, the sealed preheater hav- 
io ing a preheater inlet and a preheater outlet, the reactant gas being introduced into the preheater inlet and exiting 
the sealed preheater through the preheater outlet and Infiltrating at least one porous structure disposed within the 
CVI/CVD furnace; 

heating the at least one porous structure; 

heating the sealed preheater to a preheater temperature greater than the reactant gas terrperature; 
75 sensing a gas temperature of the reactant gas proximate the outlet; 

adjusting the preheater temperature to achie/e a desired gas temperature; and, 
exhausting the reactant gas from the CVI/CVD furnace. 

According to still another aspect of the invention, an apparatus is provided for introducing a first reactant gas into 
20 a CVI/CVD furnace, comprising : 

a first main gas line for supplying the first reactant gas; 

a plurality of furnace supply lines in fluid communication with the first main gas line and the CVI/CVD furnace; 
a plurality of first flow meters that measure a quantity of first reactant gas flow through each furnace supply line; 
2$ and, 

a plurality of first control valves configured to control the quantity of flow of the first reactant gas through each fur- 
nace simply line. 

According to still another aspect of the invention, a CVI/CVD densification process is provided, comprising the 
30 steps of: 

densl tying a first porous wall within a CVI/CVD furnace by a pressure gradient CVI/CVD process wherein a first flow 
of reactant gas is forced to dispense through the first porous wall; 

densifying a second porous wall by a pressure gradient CVI/CVD process wherein a second flow of reactant gas is 
35 forced to disperse through the second porous wall; and, 

Independently controlling the first flow of the reactant gas and the second flow of the reactant gas. 

Brief Description of the Drawings 

40 Figure 1 presents a schematic sectional view of a CVI/CVD furnace according to an aspect of the invention. 

Figure 2 presents a sectional view of a fixture according far a pressure gradient CVI/CVD prooess according to an 
aspect of the Invention. 

Figure 3 presents a sectional view of a fixture according to an.aspect of the invention. 

Figure 4 presents a sectional view of a fixture according to an aspect of the invention. 
45 Figure 5 presents a sectional view of a fixture according to an aspect of the invention. 

Figure 6 presents a sectional view of a fixture according to an aspect of the invention. 

Figure 7 presents a sectional view of a fixture according to an aspect of the invention. 

Figure 8 presents a sectional view of a densified structure according to an aspect of the invention. 

Figure 9 presents a sectional view of a densified structure according to an aspect of the invention. 
so Figure 10 presents a sectional view of a densified structure according to an aspect of the invention. 

Figure 1 1 presents a sectional view of a densified structure according to an aspect of the invention. 

Figure 12 presents a sectional view of a densified structure according to an aspect of the invention. 

Figure 13 presents a sectional view of a densified structure according to an aspect of the invention. 

Figure 14 presents a sectional schematic view of a furnace for a conventional CVI/CVD process. 
55 Figure 1 5 presents a sectional schematic view of a furnace for simultaneously densifying a large number of porous 
structures by a pressure gradient CVI/CVD process according to an aspect of the invention. 

Figure 1 6 presents a perspective view of a preheater according to an aspect of the Invention. 

Figure 17 presents a fixture with porous structures according to an aspect of the invention. 
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Figure 18 presents a fixture with porous structures according to an aspect of the Invention. 
Figure 19 presents a process according to an aspect of the invention. 
Figure 20 presents a process according to an aspect of the invention. 
Figure 21 presents a process according 1o an aspect of the invention. 

5 Figure 22 presents an alternate cover plate for use with the preheater of Figure 1 6. 

Figure 23 presents a sectional view of a densified structure seconding to an aspect of the invention. 
Figure 24 presents a graph showing bulk density gain versus time for a variety of processes according to the inven- 
tion. 

Figure 25 presents a graph showing average deposition rate versus normalized reactant gas flow for a variety of 
to processes according to the invention. 

Figure 26 presents a graph showing average deposition rate versus normalized reactant gas flow for a variety of 
reactor volume pressures according to an aspect of the invention. 

Figure 27 presents a graph showing change in pressure across the porous wail versus average bulk density for a 
variety of reactant gas flow rates and reactor volume pressures according to an aspect of the invention. 
is Figure 28 presents a fixture for holding porous structures having alternating 'W and "ID" ring-like spacers. 
Figure 29 presents a fixture for holding porous structures having all "ID" ring-like spacers. 

Detailed Description of the Invention 

* 

20 The invention and various embodiments thereof are presented in Figures 1 through 29 and the accompanying 
descriptions wherein like numbered items are identical. As used herein, the term "conventional CVVGVD" is intended 
to refer to the previously described isothermal CVI/CVD process. The term "pressure gradient CWCVD" is intended to 
refer to the previously described pressure gradient CVI/CVD or forced-flow process and is intended to specifically 
exclude the previously described thermal gradient and thermal gradient-forced flow processes to the extent that these 

6 processes utilize an intentionally induced thermal gradient that affects the deposition process. 

Referring now to Figure 1, a schematic depiction Is presented of a CVI/CVD furnace 10 adapted to deposit a matrix 
within a porous structure 22 by a pressure gradient CVI/CVD process according to an aspect of the invention. The fur- 
nace 10 has a shell 13 with an inner surface 12 that defines a furnace volume 14, and a gas inlet 16 for introducing a 
Qas into the furnace 10. A susceptor 30 is disposed around the reactor volume 35 and is induction heated by an induc- 

30 tion coil 20 according to methods well known in the art. Other methods of heating may also be utilized such as resist- 
ance heating and microwave heating, any of which are considered to fail within the purview of the invention. An 
Insulation barrier 31 Is disposed between the susceptor 30 and the Induction coll 20. The susceptor 30 has an Inner 
surface 33 that defines a reactor volume 35 which is included within the furnace volume 14. The porous structure 22 is 
disposed within a fixture 2 in the reactor volume 35 and is predominantly heated by radiation from the susceptor 30. A 

35 vacuum apparatus 58 comprising a vacuum pump or steam vacuum system is in fluid communication with an exhaust 
32 and evacuates the furnace volume 14 to a pressure below atmospheric pressure, A reactant gas Is Introduced Into 
the reactor volume 25 through the gas inlet 1 6 that receives the reactant gas from a furnace supply line 26. The reactant 
gas infiltrates the porous structure 22 where it cracks and deposits a matrix within the porous structure 22. A single type 
of gas or mixtures of multiple types of gases may be supplied to the gas inlet 16. 

40 According to a preferred embodiment, the reactant gas comprises a mixture of two reactant gaees that are intro- 
duced through a first main gas line 42 and a second main gas line 44. The furnace supply line 23 is in fluid communi- 
cation with the first and second main gas lines 42 and 44 and the Inlet 16 thereby serving to transfer the reactant gases 
to the furnace 10. A first flow meter 46 measures the quantity of flow of a first gas (indicated by arrow 50) introduced 
into the furnace supply line 26 through the first main supply line 42, and a second flow meter 48 measures the quantity 

4s of flow of a second gas (indicated by arrow 52) introduced into the furnace supply line 26 through the second main gas 
line 44, The flow of gas Into furnace supply line 26 Is controlled by a first control valve 54 which controls the flow of the 
first reactant gas from the first main gas line 42, and by a second control valve 56 which controls the flow of the second 
reactant gas from the second main gas line 44. 

The porous structure 22 includes a porous structure aperture 23. A -tube 60 is in fluid communication with fixture 2 

bo and the inlet 1 6 thereby serving to transfer the reactant gas to the fixture 2. The fixture 2 comprises a pair of plates 38 
and 40, and the tube 60 is sealed to the gas inlet 1 6 and to the plate 38. The porous structure 22 is sealed between the 
plates by ring-like spacers 62 and 64, and the plates 38 and 40 are held together by tie-rods 66. The porous structure 
22 forms a porous wall 68 disposed between the inlet 16 and the exhaust 32. The furnace volume 14 and reactor vol- 
ume 35 are reduced to a pressure below atmospheric pressure, and the gas is introduced to the porous structure aper- 

55 ture 23 at a greater pressure than the reactor volume pressure which develops a pressure gradient through the porous 
wall 68 and forces dispersion of the gas through porous structure 22 before being withdrawn from the reactor volume 
35 and the furnace volume 1 4 by the vacuum apparatus 56 as Indicated by arrows 34, 36, and 28. 

Pressure inside the furnace volume is measured by an exhaust pressure sensor 72, and pressure inside the porous 
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structure aperture 23 Is measured by an Inlet pressure sensor 70. An approximate reactant gas temperature Inside the 
porous structure aperture 23 is measured by a flow temperature sensor 74, and porous structure temperature is 
approximated by a structure temperature sensor 76 which is placed in close proximity to the plate 40. As will be dis- 
cussed in more detail, the temperature and pressure conditions are chosen to cause the gas to crack and deposit a 
5 matrix having certain desired properties within the porous structure 22. The various aspects of the Invention may be 
used to deposit any type of CVI/CVD deposited matrix including, but not limited to, carbon or ceramic matrix deposited 
within carbon or ceramic based porous structures 22. The invention is particularly useful for depositing a carbon matrix 
within a carbon-based porous structure, and especially for making carbon/carbon composite structures such as aircraft 
brake disks. 

10 Referring now to Figure 2, a detailed view of the fixture 2 for holding porous structure 22 is presented. According 
to a preferred embodiment, the porous structure Is annular and has two opposing generally planar surfaces 78 and 60 
that are bounded by an inside circumferential surface 82 and an outside circumferential surface 84. An "OD" [outside 
diameter) type ring-like spacer 64 having a mean diameter less than the outside circumferential surface 84 is placed 
between the porous structure 22 and the plate 38. An "ID" (inside diameter) type ring-like spacer 62 having a mean 

75 diameter slightly greater than the inside circumferential surface 82 is placed between the porous structure 22 and the 
plate 40. The ring-like spacers 62 and 64 also serve as spacers to permit gas flow between porous structure 22 and the 
plates 38 and 40, and also seal the porous structure 22 to the plates 38 and 40. The tie-rods 66 may be threaded on 
one or both ends and include nuts 67 in threaded engagement. Washers 69 may be used to distribute the load to the 
plates 88 and 40. 

so As discussed previously the furnace volume is subjected to a vacuum and reactant gas is introduced into the tube 
60 at a greater pressure than the furnace volume. Thus, a first portion 86 (indicated by fine crosshatching) of the fibrous 
structure 22 is subjected to a greater pressure than a second portion 68 (indicated by fine Crosshatch ing) of the fibrous 
structure 22 which induces dispersion of the reactant gas through the porous structure 22 as indicated by the arrows 
90. As gas disperses through the porous structure, additional gas -flews through the tube 60 and toward the porous 

25 structure 22 as indicated by arrows 92. Thus, reactant gas is continuously supplied and forced to disperse through the 
porous structure 22. In this example, the first portion 86 Includes one surface 76 of the two opposing surfaces 78 and 
80, and the second portion 88 includes the other surface 80 of the two opposing surfaces 78 and 80. The first portion 
86 also includes the inside circumferential surface 82, and the second portion 88 includes the outside circumferential 
surface 84. 

30 Referring now to Figure 3, an alternative fixture 4 that may be used in place of fixture 2 is depicted wherein two 
porous structures 22 are stacked and simultaneously densified. Two ring-like spacers 84 are utilized and tie-rods 65 ara 
longer versions of the tie-rods 66 of Figure 2, A pressure gradient Is applied to the porous structure (as previously 
described in relation to Figure 2) resulting in dispersion of the reactant gas through the porous structures 22 as indi- 
cated by arrows 90. Other features of fixture 4 are identical to fixture 2. 

35 The reactant gas tends to crack and preferentially deposit the matrix within the portions of the porous structure 22 
subjected to a pressure relatively greater than the pressure In other portions. For example, Figure 8 presents a densi- 
fied structure 300 that results from the Figure 2 and 3 processes beginning with a porous structure 22. The degree of 
cnosshatching is intended to generally indicate relative density: finely crosshatched areas represent greater density rel- 
ative to coarsely crosshatched areas. The density monotonically decreases from a greatest density zone 302 to a least 

40 density zone 306 with density zones 304 and 306 representing intermediate density ranges. The densified structure 
300 has an average bulkdensity, and density zone 302 is typically 1 10%-1 40% of the average bulkdensity, and density 
zone 308 Is typically 60%-90% of the average bulk density, Note that the highest density zone 302 generally corre- 
sponds to the first portion 66 and the lowest density zone 308 generally corresponds to the second portion 88. Thus, 
the first portion 86 has a greater bulk density gain than the second portion 68 during the pressure gradient CVI/CVD 

48 process depicted in Figures 2 and 3. 

The density gradient depleted In Figure 8 Is unacceptable for many applications. The density gradient may be 
reduced by depositing a first matrix within the porous structure with a pressure gradient CVI/CVD process, as shown in 
Figures 2 and 3. In this first process, the first portion 86 has a greater bulkdensity gain than the second portion 88, as 
shown in Figure 8. Subsequently the porous structure 22 may be further densified by depositing a second matrix with 

so at least one additional densification process in which the second portion 88 has a greater bulkdensity gain than the first 
portion 66. For example, the partially densified structure 300 of Figure 6 could be flipped and subjected to the pressure 
gradient CVI/CVD process depicted in Figures 2 and 3, The second portion 88 is subjected to a greater pressure than 
the first portion 86, which results in the second portion 88 having a greater bulk density gain than the first portion 66. 
Figure 9 depicts a densified structure 310 resulting from this two-step/flip process. The density monotonically 

55 decreases from a greatest density zone 312 to a least density zone 316 with density zone 314 representing an interme- 
diate density range. The densified structure 310 has an average bulkdensity and density zone 312 is typically 105%- 
115% of the average bulkdensity, and density zone 316 Is typically 85%-95% of the average bulk density. The density 
gradient is nowgenerally symmetrical through the thickness of the porous structure 22 which is desirable for brake disk 
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applications. The density gradient Is also less than the density gradient of the dsnsHled structure 300 depicted In Figure 
8. The second or additional densification processes may include pressure gradient CVI/CVD, conventional CVI/CVD, 
and resin impregnation -followed lay charring. In addition, a porous structure partially densif ied with a carbon matrix may 
be heat treated at a temperature greater than the processing temperatures of previous CVI/CVD processes to increase 
5 graphltlzatlon of the carbon matrix before further depositing additional matrix. 

Referring now to Figure 4, another alternative fixture 6 that may be used in place of fixture 2 for an alternative pres- 
sure gradient CVI/CVD process is presented. The fixture 6 utilizes all "ID" ring-like spacers 62 resulting in only the inner 
circumferential surface 82 of each porous structure being subjected to a greater pressure than the reactor volume 35. 
Thus, a first portion 87 of porous structure 22 is subjected to a greater pressure than a second portion 89 resulting in 

io pressure driven flow of the reactant gas through the porous structures 22 as indicated by arrows 91 . In this example, 
the first portion 87 Includes the Inside circumferential surface 82, and the second portion 89 Includes the outside cir- 
cumferential surface 84 and two opposing surfaces 78 and 60. The reactant gas tends to quickly flow through the 
porous structure 22 and exit near the ring-like spacer 62. Thus, reactant gas is not forced to disperse through all of the 
porous structure 22. Figure 10 presents a densified structure 320 generated by the Figure 4 process. The densified 

is structure 320 comprises a zone 322 of greatest density adjacent the inside circumferential surface 82 which drops off 
to a zone 328 of least density at the core. The density monotonically increases from the least density zona 328 to the 
greatest density zone 322 with density zones 324 and 326 representing intermediate density ranges. The densified 
structure 320 has an average bulk density, and density zone 322 is typically about 140% of the average bulk density, 
and density zone 324 is typically about 119% of the average bulk density. Density zone 328 is typically about 80% of 

20 the average bulk density. The zone 322 of greatest density generally corresponds with the first portion 67 of Figure 4. 
The region of intermediate density 324 adjacent the outside circumferential surface 320 is generated by a conventional 
CVI/CVD process induced by reactant gas flow that has not fully cracked exhausting from adjacent porous structures. 
The densified structure 320 may be further densified by second or additional densification processes which include 
pressure gradient CVI/CVD, conventional CVI/CVD, and resin impregnation followed by charring. 

25 Referring now to Figure 5, an alternative fixture 3 that may be used in place of fixture 2 for an alternative pressure 
gradient CVI/CVD process Is presented. The fixture 8 utilizes all "OD" ring-like spacers 64 resulting In the Inside circum- 
ferential surface 82 and the apposing surfaces 78 and 80 of each porous structure being siijected to a greater pres- 
sure than reactor volume 35. The outside circumferential surface 84 is subjected to the pressure of the reactor volume 
35. Thus, a first portion 94 of porous structure 22 is subjected to a greater pressure than a second portion 96 resulting 

30 in pressure driven flow of the reactant gas through the porous structures 22 as indicated by arrows 98. In this example, 
the first portion 94 includes the inside circumferential surface 82 and the opposing surfaces 78 and 80, and the second 
portion 96 Includes the outside circumferential surface 84, As depicted, the reactant gas Is forced to disperse through 
all of the porous structure 22. Figure 1 1 presents a densified structure 330 generated by the Figure 5 process. The den- 
sified structure 330 comprises a zone 332 of greatest density adjacent the inside circumferential surface 82 and part of 

as the two opposing surfaces 78 and 80. The zone 332 sometimes extends ail the way to the outside circumferential sur- 
face 84 and Includes essentially all of the opposing surfaces 78 and 80, The density monotonically decreases from the 
greatest density zone 332 to a least density 2one 33 8 with density zones 334 and 336 representing intermediate density 
ranges. The densified structure 330 has an average bulk density, and density zone 332 is typically 1 10%-125% of the 
average bulk density, and density zone 338 is typically B0%-90% of the average bulk density. The Figure 5 process gen- 

40 eratee a densified structure 330 that has a symmetric density gradient through the structure thickness. However, the 
density gradient may be skewed toward one of the surfaces 78 or 80 in some densified structures 330 due to process 
variations. Note that the zones 332 and 334 generally correspond to the first portion 94 of Figure 5, and the second por- 
tion 96 experiences a relatively less bulk density gain as indicated by zones 336 and 338. The densified structure 330 
may be further densified by second or additional densification processes which may comprise pressure gradient 

45 CVI/CVD, conventional CVI/CVD, or resin impregnation followed by charring. 

Referring now to Figure 12, a densified structure 340 Is presented that Is generated by further denslfylng the porous 
structure 330 of Figure 1 1 by a conventional CVI/CVD process. As shown, the greatest density appears in a zone 342 
adjacent the inside circumferential surface 62, which is residual from zone 332 of Figure 11. The subsequent conven- 
tional CVI/CVD process decreases the radial density gradient This is indicated by a zone 344 of intermediate density 

so adjacent the outside circumferential surface 84. A zone of lesser density 346 encircles a core zone 346 of least density. 
The subsequent process fills the lower density portions remaining in the densified structure 330 of Figure 11. Thus, the 
second portion 96 from the Figure 5 process experiences a greater bulk density gain than the first portion 94 during the 
subsequent conventional CVI/CVD process. In addition, the pressure gradient CVI/CVD process generated by the Fig- 
ure 5 process produces a desirable porosity distribution in densified structure 330 that renders structure 380 extremely 

55 susceptible to subsequent densification by conventional CVI/CVD processes. Densified structure 330 reaches final 
density quicker and has minimal tendency to seal-coat during subsequent conventional CVI/CVD processes than a 
structure having the same bulk density that was previously densified by only conventional CVI/CVD processes, This 
greatly minimizes the need for surface machining operations during the subsequent processes, which greatly simplifies 
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and expedites the entire denslflcatJon process. This synergistic effect was a surprising discovery. 

Referring now to Figure 6, an alternative fixture 9 that may be used in place of fixture 2 for an alternative pressure 
gradient CVI/CVD process is presented. The process presented in Figure 6 is a "reverse flow" process wherein the 
reactant gas enters the porous structure 22 from the outside rather than the inside of the porous structure 22. This is 
5 accomplished by disposing the porous structure 22 between plates 3B and 41 . Plate 41 Is essentially Identical to plate 

40 except that plate 41 includes an aperture 43. A cylindrical barrier structure 350 is disposed between and sealed to 
plates 38 and 41. The barrier structure 350 encircles the porous structure 22. The outside diameter of surface 80 is 
spaced from and sealed to the plate 41 by an "GD" ring-like spacer 64. The outside diameter of surface 78 is spaced 
from and sealed by an "OD" ring-like spacer 64 to a seal plate 352, which is disposed between the porous structure 22 

io and plate 38. A plurality of spacing blocks 353 space the seal plate 352 from the plate 38 thereby forming a plurality of 
apertures 354. Reactant gas Is Introduced Into fixture 9 the direction of arrow 92. The seal plate 352 forces the gas to 
flow radially outward and through the apertures 354. The barrier structure 350 then forces the gas to flow upward as 
indicated by arrows 356 toward the outside circumferential surface 84 of porous structure 22. The aperture 43 in plate 

41 subjects the inside of the fixture to the furnace volume pressure which is less than the gas supply pressure in tube 
75 60. Thu3, a first portion 95 is subjected to a greater pressure than a second portion 97 which forces the gas to disperse 

through the porous structure 22 as indicated by arrows 99. The gas exhausts from fixture 9 to the reactor volume 35 
through the aperture 43 as indicated by arrow 358. In this example, the first portion 95 includes the outside circumfer- 
ential surface 84, and the second portion 97 includes the inside circumferential surface 82 and the opposing surfaces 
78 and 80. The densified structure may be further densified by seoond or additional densrfication processes including 

20 pressure gradient CVt/CVD, conventional CVI/CVD, or resin impregnation followed by charring. 

Referring now to Figure 7, an alternative fixture 7 that may be used in place of fixture 2 for an alternative pressure 
gradient CVI/CVD process is presented. Figure 7 presents a reverse flow process which is very similar to the Figure 6 
process. Fixture 7 is essentially identical to fixture 9, except that fixture 7 comprises "ID" ring-like spacers 62 rather than 
"OD" ring like spacers 64. The -flow of reactant gas enters the opposing surfaces 78 and 80 and the outside circumfer- 

25 ential surface 84, and exits the inside circumferential surface 82 of porous structure 22 as indicated by arrows 1 01 . The 
Inside circumferential surface 82 Is subjected to the pressure of the reactor volume 35, and the outside circumferential 
surface 84 and the opposing surfaces 78 and 80 are subjected to the reactant gas supply pressure. Thus, a -first portion 
552 of porous structure 22 is subjected to a greater pressure than a second portion 550. In this example, the first portion 
552 includes the inside circumferential surface 62, and the seoond portion 550 includes the outside circumferential sur- 

30 face 84 and the opposing surface 78 and 80. Figure 13 presents a densified structure 341 generated by the Figure 7 
process. The densified structure 341 comprises a zone 343 of greatest density adjacent the outside circumferential sur- 
face 84 and part of the two opposing surfaces 78 and 80. The density monotonlcally decreases from the greatest den- 
sity zone 343 to a leest density zone 349 with density zones 345 and 347 representing intermediate density ranges. 
The densified structure 341 has an average bulk density, and density zone 343 is typically about 120% of the average 

35 bulk density* and density zone 349 is typically about 80% of the average bulk density. The densified structure 341 may 
be further densified by second or additional denslf Icatlon processes Including pressure gradient CVI/CVD, conventional 
CVI/CVD, or resin impregnation followed by charring. 

The various components of fixtures 2, 4, 6, 7, 8 and 9 are preferably formed from graphite, but any suitable high 
temperature resistant material may be used in the practice of the invention. The various joints may be sealed using 

40 compliant gaskets and/or liquid adheeives such as a graphite cement. The porous structures may be pressed against 
the ring-like spacers to form appropriate seals if the porous structures are oompliant before densification. Suitable com- 
pliant gaskets may be formed from a flexible graphite such as EGC Thermafoll® brand flexible graphite sheet and rib- 
bon-pack available from EGC Enterprises Incorporated, Mentor, Ohio, U.S.A. Comparable materials are available from 
UCAR Carbon Company Inc., Cleveland, Ohio, USA 

4s A conventional CVI/CVD process may be carried out using a CVI/CVD furnace 1 1 as depicted in Figure 14. Fur- 
nace 1 1 1s very similar to Furnace 10 (see Figure 1). However the fixture 2 Is eliminated and replaced with a fixture 360. 
Fixture 360 comprises a support plate 362 disposed on a plurality of support posts 364. The porous structure is dis- 
posed on a plurality of spacers 368 that separate the porous structure 22 from the plate 362 permitting dispersion of 
the reactant gas between the plate 362 and the porous structure 22. The support plate 362 has a multitude of perfora- 

so tions (not shown) to permit dispersion of reactant gas through the plate and around the porous structure 22. The sup- 
port po6te 364, spacers 368, and perforated support plate 362 are preferably formed from graphite. Tube 60 of Figure 
1 is replaced by a larger diameter tube 366. Gas enters the furnace volume and freely expands as indicated by arrows 
370. The gas passes over the porous structure as indicated by arrows 34 and exhausts from the furnace volume 14 to 
the vacuum device 53 as indicated by arrows 36 and 26. Normally, only one temperature sensor 76 is used which gen- 

55 erally senses the temperature of porous structure 22. The pressure measured by pressure sensor 70 is only slightly 
greater than the pressure measured by pressure sensor 72 during a conventional CVI/CVD process. A mixture of reac- 
tant gases may be Introduced from main supply lines 42 and 44, as previously described In relation to Figure 1. 

With each of the Figure 2 through Figure 7 fixtures, each annular porous structure 22 has a surface area with a 
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majority (mora than 50%) of the surface area of each annular porous structure being exposed to the reactant gas as It 
enters or leaves the porous structure 22. Establishing a high level of exposure reduces the pressure gradient required 
to force dispersion of the gas through each porous structure. As much of the porous structure surface area as possible 
is preferably exposed to the reactant gas. Preferably, at least 80% of the porous structure surface area is exposed. 

$ Referring now to Figure 15, a CWCVD furnace 400 and an apparatus 402 for Introducing a first reactant gas Into 
the furnace 400 is presented. Furnace 400 and apparatus 402 are particularly suited for simultaneously densifying 
large quantities of porous articles, for example five hundred to one thousand annular preforms for manufacturing aircraft 
brake disks. A first main gas line 404 supplies the first reactant gas as indicated by arrow 406. A plurality of furnace 
supply lines 408 are in fluid communication with the first main gas line 404 and the CWCVD furnace 400. A plurality of 

to first flow meters 410 measures a quantity of first reactant gas flow through each furnace supply line 408. A plurality of 
first control vah/es 41 2 are configured to control thequantlty of flow of the first reactant gas through each furnace supply 
line 408. Apparatus 402 comprises four supply lines 408, four control valves 412, and four flow meters 410, but the 
invention is not limited to four of each component, since the number may be increased or decreased as required. 
According to a preferred embodiment, the furnace 400 and reactant gas supply apparatus 402 are controlled by a 

/5 controller 414. Each flow meter 410 may communicate the measured quantity of flow to the controller 414 via a first flow 
sensor line 416, and the controller 414 may control each control valve 412 via a first valve control line 418. Thus, the 
quantity of flow of the first reactant gas into the furnace 400 may be independently set and controlled for each supply 
line 408. The controller 414 is preferably micro-processor based and conprises a screen 415 for monitoring the various 
conditions and control states in the reactant gas supply apparatus 402 and the furnace 400. According to a certain 

20 embodiment, each furnace supply line 408 conprises one first flow meter 410 and one first control valve 412, as shown 
in Figure 15, and a first main control valve 420 disposed within the first main gas line 404. The first main control valve 
420 preferably controls pressure in tha first main gas line 404. A first main flow metar 422 may also be disposed within 
the first main gas line 404. 

A mixture of gases may be supplied to furnace 400 by providing at least a second main gas supply line 424 for sup- 

25 plying a second reactant gas as indicated by arrow 426. A plurality of second flow meters 430 are provided that meas- 
ure a quantity of second reactant gas flow through each furnace supply line 408 with a plurality of second control valves 
432 configured to control the quantity of flow of the second reactant gas through each furnace supply line 408. Each 
second flow meter 430 may communicate the measured quantity of flow to the controller 41 4 via a second flow sensor 
line 436, and the controller 414 may control each second control valve 432 via a second valve control line 438. Accord- 

30 ing to a certain embodiment, the second main gas line 424 comprises a second main control valve 440 disposed within 
the second main gas line 424. A second main flow meter 442 may also be disposed within the second main gas line 
424. The second main control valve 440 preferably controls pressure In the second main gas line 424, 

The furnace 400 conprises a furnace shell 444 that defines a furnace volume 446. A reactor volume 447 is 
included within the furnace volume 446. The furnace supply lines 408 are in fluid communication wrth the reactor vol- 

35 ume 447. A vacuum apparatus 448 is in fluid communication with the furnace volume 446 and reactor volume 447 via 
exhaust stacks 450. The vacuum apparatus 448 reduces the pressure In furnace volume 448 to a vacuum pressure 
(below atmospheric) and may comprise any suitable device such as a vacuum pump or steam vacuum system with 
appropriate filters and scrubbers that remove undesirable by-products from the spent reactant gas. The reactant gas 
from a given furnace supply line 408 is introduced into a corresponding preheater 458. A first preheater 458 is disposed 

40 within the reactor volume 447 and has an inlet 460 and an outlet 461 . The first preheater 458 is sealed such that sub- 
stantially all of the reactant gas introduced into the inlet 460 from a corresponding furnace supply line 408 is heated and 
leaves the preheater through the corresponding outlet 461 where It Infiltrates at least one porous structure disposed 
within the furnace. The term ''substantially all of the gas" is intended to allow for a small amount of leakage. The first 
preheater 458 is heated to a preheater temperature greater than the reactant gas temperature from the corresponding 

46 furnace supply line 408. The porous structure is also heated. In this example the porous structure comprises a first 
porous wall 452 disposed within the reactor volume 447. The first porous wall 452 Is preferably annular and comprises 
a first top plate 454 that seals tha upper open and of the first porous wall 452, thereby defining a first enclosed cavity 
456. The other end of the first porous wall 452 is sealed against the first preheater 458, with the first preheater outlet 
461 in fluid communication with the first enclosed cavity 456. 

so A first flow of reactant gas is introduced into the first preheater 458, and then passes into the first enclosed cavity 
456 at a pressure greater than the pressure within the reactor volume 447. Thus, one side of the first porous wall 452 
is subjected to a greater reactant gas pressure than the other side of the first porous wall, In the example shown in Fig- 
ure 15, the inner side of the porous wall 452 (the enclosed cavity 456) is subjected to a greater reactant gas pressure 
than the outer side of porous wall 452. The pressure difference forces the first flow of reactant gas to disperse through 

65 thef irst porous wall 452 where the heated gas cracks and deposits a binding matrix within the heated first porous wall 
452. The remaining gas and any by-products then exit the first porous wall 452 and are exhausted from the reactor vol- 
ume 447 through exhaust stacks 450 by vacuum apparatus 448. Thus, the reactant gas Is forced to disperse through 
the annular porous wall by introducing the reactant gas to the CWCVD furnace and exhausting the reactant gas from 
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the CVI/CVD furnace on opposite sides of the annular porous wall. At least one exhaust stack 450 Is preferably provided 
between each pair of porous walls. Also, each preh eater 458 may supply reactant gas to more than one annular porous 
wall 452. Furnace 400 may be healed by any method Known in the art for heating a CVI/CVD furnace, including resist- 
ance heating and induction heating. 

5 According to a preferred embodiment! the preheater 458 and porous wail 452 are radiation heated by a susceptor 
462 that encloses the first preheater 458 and porous wall 452 on all sides. The susceptor 462 defines the reactor vol- 
ume 447 and a floor 463 upon which the first preheater 458 rests. The susceptor 462 preferably comprises a circum- 
ferential portion 464 and the furnace 400 comprises a first induction coil 466, a second induction coil 468, and a third 
induction coil 470 that encircle the circumferential portion 464. The susceptor 462 is inductively coupled with the induc- 
es tion coils 466, 468, and 470 which transfer energy to the susceptor 462, where it is transformed into heat in a manner 
well known In the art. Maintaining a uniform temperature from the bottom to the top of a CVI/CVD furnace during den- 
sification of a large number of porous structures (hundreds) may be difficult. The rata at which the gas cracks and 
deposits the binding matrix is largely determined by temperature assuming the reactant gas concentration is sufficient 
Thus, variations in porous structure temperature throughout the furnace cause corresponding variations in bulk density 

is gain which can reduce yield during a given CVI/CVD run. Incorporating multiple induction coils, as depicted in Figure 
15, permits application of differing amounts of heat along the length of the furnace. A more uniform porous structure 
temperature profile along the length of the furnace (in direction of gas flow) may thus be obtained. 

According to a further embodiment, a first gas temperature of the first flow of reactant gas is sensed proximate the 
first preheater outlet 461 by a first temperature sensor 490. Temperature sensor 490 may comprise a Type K thermo- 

20 couple with appropriate protective sheathing. The preheater temperature may be adjusted to achieve a desired gas 
temperature. Measuring the preheater temperature directly is not necessary since the preheater temperature is correc- 
tively related to the gas temperature at the outlet 461 . The preheater temperature is adjusted by increasing or decreas- 
ing the heating of the first preheater 458. In Figure 15, the susceptor wall 464 is comprised of a first susceptor wall 
portion 467, a second susceptor wall portion 469, and a third susceptor wall portion 471 . As previously described, the 

25 first induction coil 433 is inductively coupled to the first susceptor wall portion 437 in a manner that transforms electrical 
energy from the first Induction coll 466 to heat energy In the first susceptor wall portion 467. The same applies to the 
second susceptor wall portion 469 and the second induction coil 488, and the third susceptor wall portion 471 and third 
induction coil 470. Tiie first preheater 458 is predominantly heated by radiation heat energy from the first susceptor wall 
portion 467 which is adjacent the first induction coil 466. TTius, the first preheater temperature may be adjusted by 

30 adjusting electrical power to the f iret induction coil 466. The electrical power to the second induction coil 468 and 470 
may be adjusted as necessary to maintain a desirable porous structure temperature profile along the length of the fur- 
nace, The first preheater 458 Is preferably disposed proximate the first susceptor wall portion 467 which improves the 
transfer of heat energy by radiation. The temperature sensed by first temperature sensor 490 may be transmitted to the 
controller 414 via a -first temperature sensor line 494. The controller may process the temperature sensor information 

35 and automatically adjust electrical power to the first induction coil 466 as necessary to achieve a desired temperature 
of the first gas flow as It leaves the first preheater outlet 461 . In certain furnace arrangements, a preheater may be dis- 
posed proximate the center of the -furnace and surrounded by adjacent preheaters that are proximate the susceptor wall 
and block transfer of heat energy by radiation to the center preheater. In such a case, the center preheater is heated 
predominantly by conduction from the adjacent preheaters that are heated by radiation. Thus, the center preheater is 

40 indirectly heated by radiation from the susceptor wall and the center preheater temperature may be controlled by vary- 
ing power to the first induction ooil 468. Also, the preheaters oouid be resistance heated which would permit direct con- 
trol of the heat energy supplied to each preheater. Any such variations are considered to be within the purview of the 
invention. 

A second porous wall 472 may be sealed to a second preheater 478 with the second porous wall having a second 
45 top plate 474. The second preheater 478 has a second preheater inlet 480 and a second preheater outlet 481 . A sec- 
ond temperature sensor 482 may be provided for sensing the temperature of the second flow of reactant gas as It exits 
the second preheater outlet 481 . The second porous wall 472 defines a second enclosed cavity 476 that is in fluid com- 
munication with the second preheater outlet 481 . A second flow of gas is introduced to the second preheater through a 
corresponding furnace supply line 408 and is forced to disperse through the second porous wall 472 and exit the fur- 
so nace volume 446 in the same manner as described in relation to the first porous wall 452. Thus, one side of the second 
porous wall 472 is subjected to a greater pressure than the other side of the second porous wall. According to a certain 
embodiment, the second preheater 478 and second porous wall 472 are heated predominantly by radiation from the 
susceptor wail 464. The second preheater 478 is heated to a preheater temperature greater than the reactant gas tem- 
perature from the corresponding furnace supply line 408. The heated gas infiltrates the second porous wall 472 where 
55 it cracks and deposits a binding matrix The remaining gas and any by-products then exit the second porous wall 472 
and are drawn out of the furnace volume 446 by vacuum apparatus 446. A second temperature sensor 492 may be pro- 
vided proximate the second preheater outlet 481 , The temperature sensed by second temperature sensor 492 may be 
transmitted to the controller 41 4 via a second temperature sensor line 495. The controller 41 4 may process the temper- 
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ature sensor Information and automatically adjust electrical power to the first Induction coll 466 as neoessary to achieve 
a desired temperature of the second gas flow as ft leaves the second preheater outlet 481 . Electrical power to the first 
induction coil 466 may also be manually adjusted as necessary in order to achieve the desired gas flow tenrperature. 
At least a third porous wall may be densified by a similar pressure gradient CVI/CVD process wherein at least a third 

$ flow of reactant gas Is forced to disperse through at least the third porous wall by subjecting one side of at least the third 
porous wall to a greater pressure than the other side of at least the third porous wall, and the third flow of gas may be 
independently controlled. Additional porous walls may be added anddensrfied in an identical manner using additional 
furnace supply lines 40$ and additional preheaters. Additional preheaters and temperature sensors tor sensing temper- 
ature of the gas flow proximate the outlet of each additional preheater may be provided as required. Thus, the invention 

ro permits simultaneous densification of large numbers of porous wails. 

A porous wall temperature sensor 495 may be provided In close proximity to the first porous wall 452 tor sensing a 
first porous wall temperature. The first porous wall temperature may be increased or decreased by increasing or 
decreasing the first flow of reactant gas that passes through the first porous wall 452. For example, the first flow of reac- 
tant gas may be at a lesser temperature than the porous structure as it exits the first preheater outlet 461 . Increasing 

is the first flow of reactant gas at this lesser temperature tends to decrease the porous wall temperature and decreasing 
the flow tends to increase the porous wall temperature. The reverse would apply if the first flow of reactant gas was at 
a greater temperature than the first porous wall 452. The first porous wall temperature sensor 498 may communicate 
with the controller 414 via a first porous wall tenperature sensor line 502 which permits automatic or manual control of 
the first gas flow as necessary to achieve a desired first porous wall temperature. A second porous wall temperature 

a? may be similarly sensed by a second porous wall temperature sensor 500. The second porous wall temperature sensor 
500 may communicate with the controller 414 via a second porous wall temperature sensor line 504 which permits 
automatic or manual control of the seoond gas flow as necessary to achieve a desired second porous wail temperature 
by increasing or decreasing the second gas flow. Temperature of third and additional porous walls may be sensed and 
controlled in similar manner. Each individual flow of gas from the furnace supply lines 408 may be independently con- 

& trolled in order to influence the CVI/CVD deposition process by virtue of the reactant gas supply apparatus 402. The 
porous wall temperature sensors may also be Inserted directly In to the porous walls as Indicated by temperature sensor 
506. A thermocouple may be placed between an adjacent pair of annular porous structures if the porous wall is formed 
from a stack of porous structures. Porous wall temperature may also be sensed by an optical pyrometer 548 focused 
through a window 546 on an optical target 544 disposed between an adjacent pair of porous walls 452 and 472. 

ao According to a preferred embodiment, the furnace volume 446 is maintained at a constant vacuum pressure. The 
pressure inside the first enclosed cavity 456, second enclosed cavity 476, and any third or additional enclosed cavities 
Is determined by the flow of reactant gas Introduced Into that cavity and the porosity of the corresponding porous wall. 
For example, the flow into the first enclosed cavity 456 may be maintained at a constant value. At the beginning of the 
densification process, the pressure inside the first enclosed cavity may be only slightly higher than the furnace volume 

35 pressure outside the enclosed cavity. The pressure inside the first enclosed cavity 456 increases as matrix is deposited 
within the first porous wall 452 because porosity decreases and the quantity of first flow of reactant gas Is constant. The 
pressure inside the first enclosed cavity 458 may be controlled by increasing or decreasing the flow of reactant gas into 
thef irst enclosed cavity. Increasing flow increases pressure and decreasing the flow decreases pressure. A first pres- 
sure sensor SOB maybe provided for sensing the pressure inside the first enclosed cavity 456. The first pressure sensor 

40 508 may communicate via first pressure sensor line 51 2 with the controller 41 4 which allows automatic or manual con- 
trol of the quantity of flow introduced into the first enclosed cavity 456 as necessary to achieve a desired pressure. A 
second pressure sensor 510 and second pressure sensor line 514 may be provided for controlling the flow and pres- 
sure inside the second enclosed cavity 476 in like manner. Third and additional pressure sensors end pressure sensor 
lines may be provided as required. The quantity of gas flow into a given enclosed cavity is preferably fixed and the pres- 

45 sure allowed to naturally rise as the porous wall densities unless the pressure rises too rapidly or exceeds a maximum 
desired pressure, In which case the flow may be reduced or completely stopped. The reactant gas supply apparatus 
402 allows independent control of the flow to each porous wall. Monitoring the pressure inside the porous cavity also 
provides a real time indication of the degree of densification of each porous wall. The lack of a pressure rise, or an unu- 
sually slow pressure rise, indicates the presence of a leak in the preheater and/or the porous wall. The process may be 

so terminated and subsequently restarted once the leak is located and fixed. An unusually rapid pressure may indicate 
sooting or tarring of one or more of the annular porous walls. 

Referring now to Figure 16, a preheater 100 is presented which is a preferred embodiment for the preheaters 458 
and 47B of Figure 15. The preheater 100 is described in more detail in a copending United States patent application 
entitled APPARATUS FOR USE WITH CVI/CVD PROCESSES; filed the same day as the present application naming 

55 James W. Rudolph, Mark J. Purely, and Lowell D. Bok as inventors, and which is fully incorporated herein by reference. 
The preheater 100 comprises a sealed duct structure 102 disposed within the furnace 10 and resting on the eusceptor 
floor 463. The preheater 100 receives gas from the gas Inlet 460 (Figure 15). The gas Inlet 460 may be connected to 
one or more perforated tubes 19 which promote dispersion of the gas throughout the sealed duct structure 102. Pre- 
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heater 100 comprises a sealed baffle structure 108 thai rests upon a sealed duct structure 102. The sealed baffle struc- 
ture 1 09 comprises an array of spaced perforated plates 1 28 and 1 29 with a bottom perforated plate comprising a baffle 
structure inlet 104 and a top perforated plate corrprising a baffle structure outlet 106. The sealed duct structure 102 and 
sealed baffle structure 108 are sealed to each other, and the sealed duct structure 102 is sealed to the susceptor floor 

5 ASS at Joint 1 1 8 so that gas cannot avoid flowing through the sealed baffle structure 1 0B. The sealed duct structure 1 02 
comprises at least two pieces 119, 120, and 121, upper ring 122 and lower ring 123 which together form several sealed 
joints 124, 125, 166, 168, 170, 172, and 174. The support bars 119, 120, and 121, and lower ring 123 support the 
weight of the sealed baffle structure 10$. A cover plate 1 10 preferably adjoins the sealed duct structure 102 disposed 
over the baffle structure outlet 1 06. The cover plate 1 1 0 serves to support the porous structure fixtureG. Cover plate 1 1 0 

to is adapted for use with a pressure gradient CVI/CVD process and comprises a plurality of apertures 1 14 and 1 16 with 
each aperture providing reactant gas to an annular porous wall. The cover plate 1 10 Is sealed to the sealed duct struc- 
ture 102 by a compliant gasket placed in the joint between the sealed duct structure 102 and the cover plate 1 10. The 
perforated plates 126 and 129 are coterminous and arranged in a stack that def ines a baffle structure perimeter 132. 
Each sealed baffle structure plate 128 comprises an array of perforations 130, with the array of perforations 130 of one 

75 susceptor plate 128 being misaligned with the array of perforations 131 of an acUacent susceptor plate 129. This 
arrangement greatly facilitates transfer of heat by radiation from the susceptor wall 464 directly to the perforated plates 
126 and 129. The heat is transferred by conduction along plates 128 and 129 and to the gas by forced convection. The 
baffle structure perimeter 1 32 is sealed by compliant gaskets 1 34 and comprises the outer plane-wise limit of each sus- 
ceptor plate 128 and 129 and is disposed in close proximity to the susceptor wall 464. The compliant gaskets 134 also 

20 serve to space the perforated plates 128 and 129 from each other. The sealed duct structure 102 preferably defines a 
ledge 136 upon which said sealed baffle structure 108 rests. In the embodiment presented, the support bars 1 19, 120, 
and 121 definethe ledge in combination with lower ring 123. A plurality of posts 140 maybe provided that facilitate load- 
ing the baffle structure 108 into the furnace and also further support the sealed baffle structure 108 and cover plate 1 10. 
Each post 140 comprises an enlarged portion that defines a seat (not shown) which rests on the susceptor floor 463. 

2s The sealed baffle structure 108 rests upon the seat The various components of preheater 100 are preferably formed 
from monolithic graphite. The various sealed joints are preferably formed using compliant gaskets and/or graphite 
cement. Suitable compliant gaskets may be formed from a flexible graphite such as EGC Thermafoil® and Therma- 
braid® brand flexible graphite sheet and ribbon-pack available from EGC Enterprises Incorporated, Mentor, Ohio, 
U SA Comparable materials are available from UCAR Carbon Company Inc., Cleveland, Ohio, U.S.A. 

30 The porous walls 452 and 472 of Figure 1 5 may be formed from stacks of annular porous structures, which is par- 
ticularly preferred for manufacturing aircraft brake disks. Referring now to Figure 17, a preferred fixture 200 isprasented 
for denslfylng a stack of annular porous structures 22 by a pressure gradient CVI/CVD process. The fixture 200 Is 
described in more detail in a copending United States patent application entitled APPARATUS FOR USE WITH 
CVI/CVD PROCESSES, filed the same day as the present application naming James W. Rudolph, Mark J. Purdy, and 

35 Lowell D. Bok as inventors. Fixture 200 is preferably used with the preheater 100 of Figure 16. The porous structures 
22 are arranged In a stack 202. The fixture comprises a base plate 204, a spacing structure 206, and a top plate 208. 

The top plate 20S optionally has an aperture 210 which is sealed by a cover plate 212, compliant gasket 213, and 
weight 214. The base plate 204 is adapted to engage the cover plate 1 10 and has a base plate aperture (item 216 in 
Figure 1 S) that aligns with one of the cover plate apertures 1 14 or 1 16. The base plate 204 is preferably located by a 

4? plurality of conical pins 226. The base plate 204 has mating conical base plate holes that are aligned with and receive 
the conical pins 228. This arrangement facilitates aligning the bass plate aperture with a corresponding cover piata 
aperture. The base palate 204 Is preferably sealed to the cover plate 1 10 by use of a compliant gasket, 

The top plate 208 is spaced from and faces the base plate 204. The spacing structure 206 is disposed between 
and engages the base plate 204 and the top plate 20a In the embodiment presented, the spacing structure comprises 

45 a plurality of spacing posts 216 disposed about the stack of porous structures and extending between the base plate 
204 and the top plate 206. Each post 216 has pins 220 at either end that are received In mating holes 224 In base plate 
204 and top plate 20S. The spacing structure 206 preferably comprises at least three posts 218. The spacing structure 
206 could also be formed as a single piece, and other arrangements for engaging the base plate 204 and top plate 206 
are possible, any of which are considered to be within the purview of the invention. At least one ring-like spacer 234 is 

so disposed within the stack 202 of porous structures 22 between each pair of neighboring porous structures 22. The ring- 
like spacer 234 encirclas the neighboring porous structure apertures 23. At least one of the ring-like spacers 234 is pref- 
erably disposed between the base plate 204 and porous structure 22 adjacent the base plate 204, and between the top 
plate 206 and porous structure 22 adjacent the top plate 208. The base plate 204, the stack of porous structures 202, 
and the at least one ring-like spacer 234 define an enclosed cavity 236 extending from the base plate aperture (item 

55 21 6 in Figure 1 8), including each porous structure aperture 23, and terminating proximate the top plate 208. According 
to a certain embodiment, the outside diameter of ring-like spacer 234 is about 21.9 inches) and the spacer inside diam- 
eter Is about 19,9 Inches) for processing annular porous structures 22 having an outside diameter of about 21 Inches. 
The ring-like spacers are preferably at least 0.25 inch thick. 
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Referring to Figure 18. a preferred fixture 201 Is presented for pressure gradient CVI/CVD densifying simultane- 
ously a large number of porous structures 22. The spacing structure 207 comprises at least one intermediate plate 272 
disposed between the base plate 204 and the top plate 208 that divides the stack of porous structures 203. The posts 
216 extend between the top plate 208 and one of the intermediates plates 272, between the baseplate 204 and another 

5 of the Intermediate plates 272, and between adjacent pairs of Intermediate plates 272. In other respects, fixture 201 Is 
essentially identical to -fixture 200. Each intermediate plate 272 has an intermediate plate aperture 274 therethrough is 
sandwiched between a pair of the porous structures 22. The enclosed cavity 286 further includes each intermediate 
plate aperture 274. At least one of the ring-like spacers 234 is disposed on either side of and sealed to the intermediate 
plate 272 between the intermediate plate 272 and the porous structures 22. Multiple fixtures 201 may be stacked. In 

to such case, the base plate 204 from one fixture 201 engages the top plate 208 of a lower fixture 201 with the upper fix- 
ture base plate aperture 216 In fluid communication with the lower fixture top plate aperture 210. Thus, the enclosed 
cavity extends from one fixture 201 to the next until being terminated by the cover plate 212 disposed over the upper- 
most top plate aperture 210. As shown more clearly in this view, the base plate 204 is provided with conical holes 230 
that receive a conical portion of the conical pins 22$, and the cover plate 110 is provided with holes 228 that receive a 

1$ cylindrical portion of the conical pins 226. 

Referring now to Figure 28, an alternative fixture 300 for pressure gradient densifying a stack of porous structures 
302 i6 presented. Fixture 299 is essentially identical to fixture 200, except stack 302 comprises "OD" (outside diameter) 
ring-like spacers 234 disposed around the outside diameter of each porous structure 22 alternated with "ID" (inside 
diameter) ring-like spacers 284 disposed around the inside diameter of each porous structure. The OD ring-like spacers 

20 234 preferably have an inside diameter 233 slightly less than the porous structure outside diameter 608, and an outside 
diameter 235 that is generally coterminous with theporoue structure outside diameter 608. The ID ring-like spacers 284 
preferably have an outside diameter 286 slightly greater than the porous structure inside diameter 610, and an inside 
diameter 283 that is generally coterminous with the porous structure inside diameter 610. With ID ring-like spacers 284, 
the porous structure outside diameter 608 is greater than the outside diamater 286 of the ring like spacer 284. The wall 

2$ thickness of each ring-like spacer 234 and 284 is preferably minimized in order to maximize exposure of the porous 
structure surface area to the reactant gas as It enters or leaves each porous structure 22. Referring to Figure 29, an 
alternative fixture 301 for pressure gradient densifying a stack of porous structures 803 is presented. Fixture 201 is 
essentially identical to fixture 200, except stack 303 comprises all "ID" ring-like spacers 284 disposed around the inside 
diameter of each porous structure. 

30 me various components of fixtures 200, 201 , 299 and 301 are preferably formed from graphite. The various joints 
comprised within the fixtures are preferably sealed using compressible ring-like gaskets from a flexible graphite mate- 
rial, as previously disclosed. If the porous structures 22 are compressible, they may be compressed directly against the 
ring-like spacers 234 to provide a sufficient seal and eliminate the need -for compressible gaskets between the porous 
structures 22 and ring-like spacers 234. The ring-like spacers prior to use are preferably seal-coated with a surface dep- 

35 osttion of pyrolytic carbon which facilitates removal of the ring-like spacer from a densified porous structure following 
deposition of the matrix. 

Fixtures similar to fixtures 200 and 201 may be used in a conventional CVI/CVD process in which the ring-like spac- 
ers 234 are replaced by spacer blocks that separate the porous structures and permit the reactant gas to freely pass 
through, over, and around the porous structures 22. In such case, cover plate 110 may be replaced by cover plate 152 

40 of Figure 22 in order to promote dispersion of the reactant gas throughout the furnace volume. Cover plate 1 52 com- 
prises an array of perforations 153. Sealing the various joints comprised within a fixture adapted for a conventional 
CVI/CVD process Is not necessary or desirable, 

Referring now to Figure 19, a CVI/CVD process is presented according to an aspect of the invention. According to 
a preferred embodiment, a multitude of annular porous carbon structures are disposed within a CVI/CVD furnace such 

45 as furnace 400 (Figure 1 5} using multiple fixtures such as fixture 20 1 (Figure 1 8) which are sealed to multiple preheat- 
ers such as preheater 100. Reactant gas Is supplied to the furnace using an apparatus such as the gas supply appa- 
ratus 402 (Figure 15). The furnace is heated until conditions are stabilized, and a first carton matrix is deposited within 
the porous structures by a pressure gradient CVI/CVD process. More support for the porous structures than depicted 
in Figures 1 7 and 18 during the pressure gradient CVI/CVD process is not necessary since the porous structures do 

so not sag during the pressure gradient CVI/CVD process. The porous structures are then subjected to a heat treatment 
process without removing the porous structures from the -furnace or from the -fixtures. Alternatively, the porous struc- 
tures may be removed from the furnace and pressure gradient CVI/CVD fixtures before the heat treatment process. The 
heat treatment process is conducted at a higher temperature than the previous deposition process temperatures which 
increases graphitization of the first carbon matrix. Following heat treatment, the porous structures are then removed 

6 from the furnace and surface machined in order to derive an accurate bulk density measurement. Machining thesurface 
may also increase open porosity at the surface. A second carbon matrix is then deposited within the porous structures 
by a conventional CVI/CVD process, Thus, the second matrix overlies the first matrix. After reaching final density, the 
densified structures are machined into final parts. In certain embodiment, the pressure gradient CVI/CVD process and 



10/27/05, EAST Version: 2.0.1.4 



-» 



EP 0 832 8B3 A2 

conventional CVI/CVD process are conducted at about 1750-1900 °F, and heat treatment Is conducted at about 3300- 
4C00 G F. Thus, the first matrix has a greater degree of Qraphitization than the second matrix due to the intermediate heat 
treatment process. 

Referring now to Figure 20, an alternative process ie presented that begins with a pressure gradient CVI/CVD proc- 

5 ess In which a first carbon matrix Is deposited within the porous structures. The porous structures are then subjected 
to a heat treatment process without removing the porous structures from the furnace or from the fixtures. A second car- 
bon matrix is then deposited in another pressure gradient CVI/CVD process that immediately follows the heat treatment 
process without removing the porous structures from the furnace or the fixtures. Alternatively the porous structures 
may be removed from the furnace and pressure gradient CVI/CVD fixtures before the heat treatment process, and 

io replaced in tha pressure gradient CVI/CVD fixtures before the second pressure gradient CVI/CVD process. The porous 
structures are then subjected to a surface machining operation. Further seoond carbon matrix Is then deposited In a 
conventional CVI/CVD process and the porous structures are machined into final parts. Leaving the porous structures 
in the same furnace and fixtures during the first and second pressure gradient processes and the heat treatment proc- 
ess results in a "continuous" process. Additional support blocks between adjacent pairs of porous structures in the pres- 

is sure gradient CVI/CVD fixtures may be necessary in order to prevent sagging during the heat treatment process. 

Referring now to Figure 21 , an alternative process is presented that begins with a pressure gradient CVI/CVD proc- 
ess in which a first carbon matrix is deposited within the porous structures. The porous structures are surface machined 
and a second carbon matrix is then deposited in a conventional CVI/CVD process followed by a heat treatment process. 
After heat treatment, the fully densified porous structures are then machined into final parts. It is evident that the 

20 sequences of the Figure 19-21 processes may be rearranged, and additional steps inserted, without departing from the 
invention. 

The first carbon matrix and second carbon matrix preferably comprise a substantially rough laminar microstructure. 
A rough laminar microstructure has a greater density (about 2.1 g/cc), greater thermal conductivity, and lesser hardness 
than smooth laminar microstructure (1 .9-2.0 g/cc or less). Rough laminar microstructure is particularly preferred in cer- 
2S tain carbon/carbon aircraft brake disks. Microstructure may be optically characterized as described by M.L Lieberman 

and h o. Pierson, Effect of Sas Phase Conditions qw Resultant Matrix Eaaacbaofi In Carbon/Carbon GflmpfifiHag, 12 

Carbon 233-41 (1974). 

Referring now to Figure 23, a densified porous structure 600 manufactured according to either the Figure 19, 20 or 
21 process is presented. The densified porous structure 600 comprises a first circumferential zone 512 adjacent the 

30 inside circumferential surface 82, and a second circumferential zone 514 adjacent the outside circumferential surface 
84. The first and second circumferential zones 512 and 514 extend all the way through the thickness of the densified 
porous structure 600 and are bounded by the opposing surfaces 78 and 80. Densified porous structure 510 comprises 
a first carbon matrix deposited within a porous structure comprised of carbon fibers according to a pressure gradient 
CVI/CVD process. According to a preferred embodiment, the first carbon matrix is deposited by a process using fixtures 

35 200 and/or 201 having all "OD" ring-like spacers 234 (Figures 17 and 16) which is similar to the process described in 
relation to Figure 5, resulting In the first carbon matrix being deposited unevenly In a density distribution similar to den- 
sified porous structure 330 of Figure 1 1 . The first circumferential zone 512 is subjected to a greater reactant gas pres- 
sure than the second circumferential zone 514 during the pressure gradient CVI/CVD densification process which 
causes the first circumferential zone 51 2 to experience a greater bulk density gain than the second circumferential zone 

40 514. According to a certain embodiment, the second circumferential zone 514 has about 15% less of the first carbon 
matrix per unit volume relative to the first circumferential zone 512, and the first carbon matrix preferably has a substan- 
tially rough laminar microstructure. The second circumferential zone 514 generally has at least 10% less of the first car- 
bon matrix per unit volume relative to the first circumferential zone 512, and may have 20%, 30%, 40% or less of the 
first carbon matrix. Densified porous structure 510 also comprises a second carbon matrix overlying the first carbon 

46 matrix that is deposited by a conventional CVI/CVD process resulting in the densified porous structure 600 having a 
final density distribution similar to densified porous structure 340 of Figure 12. The second carbon matrix also prefera- 
bly has a substantially rough laminar microstructure. The first and second carbon matrices preferably have at least 90% 
rough laminar microstructure, more preferably at least 95% rough laminar microstructure, and in certain preferred 
embodiments 1 00% rough laminar microstructure. 

so The first carbon matrix may be heat treated which causes the first carbon matrix to be more flraphitized than the 
second carbon matrix. Increasing graphitization increases the apparent density and thermal conductivity. Thus, the 
original density gradient from the pressure gradient CVI/CVD process may be identified in the densified porous struc- 
ture 600 after deposition of the second carbon matrix. If the first carbon matrix has a distribution as shown in Figure 1 1 , 
the first circumferential portion 512 has a generally greater thermal conductivity than the second circumferential portion 

55 514, and a generally greater apparent density ihan the second circumferential portion 51 4 even after the second carbon 
matrix is deposited. Closed porosity remaining within the densified porous structure 600 affects the measurement of 
apparent density. Porosity effects may be minimized by measuring apparent density of crushed samples which will be 
referred to herein as crushed apparent density. According toa certain technique, crushed apparent density is measured 
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by cutting a specimen from a denslf led porous structure and fracturing the specimen between parallel steel platens of 
a load testing machine. The specimen is preferably fractured in a manner that maintains the specimen in one piece. 
This may be accomplished by compressing the sample past the yield point without fragmentation. Apparent density is 
then measured according to the Archimedes technique using mineral spirits such as Isopar M (synthetic isoparaffinic 

$ hydrocarbon} available from Exxon Chemical Americas, Houston, Texas, U.S.A. Vacuum Is used to force the mineral 
spirits into the structure. Apparent density is a measurement of the density of the material that is impervious to pene- 
tration by the mineral spirits. Fracturing the specimen opens previously closed porosity that was impervious to penetra- 
tion by the mineral spirits and minimizes porosity effects. Alternatively, crushed apparent density of a pulverized sample 
may be measured using a helium pyconometer. Measurements of dansified porous structures processed similar to den- 

w sified porous structure 600 demonstrated that the crushed impervious density adjacent the inside circumferential sur- 
face 82 was consistently at least 0.2% greater, and may be as much as 0.4% and 0,5% greater, than adjacent the 
outside circumferential surface 84. Thus, crushed apparent density tends to generally decrease from the inside surface 
82 to the outside surface 84. 

Thermal conductivity of densified porous structures similar to densrf ied porous structure 600 (as described in the 
is immediately preceding paragraph) wae measured in two directions: normal to the opposing surfaces 78 and 80 which 
will be referred to as "thermal flat conductivity", and normal to the circumferential surfaces 82 and 84 (in the radial direc- 
tion) which will be referred to as "thermal edge conductivity." Thermal flat conductivity of circumferential portion 514 was 
at least 5% less than circumferential portion 51 2 when measured at the opposing surfaces 78 and 80. Thermal flat con- 
ductivity of circumferential portion 51 4 was at least 1 2% less than circumferential portion 512 at one-half of the distance 
20 between opposing surfaces 78 and 80. Thermal edge conductivity of circumferential portion 514 was at least 5% less 
than circumferential portion 512 when measured at the opposing surfaces 78 and 80. Thermal edge conductivity of cir- 
cumferential portion 514 was at least 4% less than circumferential portion 512 when measured at one-half of the dis- 
tance between opposing surfaces 78 and 80. Thus, thermal conductivity tends to generally decrease from the inside 
circumferential portion 512 to the outside circumferential portion 514. This trend is induced by the first matrix being 
25 more graphitized than the second matrix. 

The following examples further Illustrate various aspects of the Invention. 

EXAMPLE 1 

30 A base-line was established -for a conventional CVI/CVD process as follows. A fibrous textile structure about 1.5 
inch thick was manufactured according to Figures 1 through 4 of United States Patents 4,790,052 starting with a 320K 
tow of unidirectional polyacrylonltrlle fiber, An annular porous structure was then cut from the textile structure having an 
outside diameter of about 7.5 inch, an inside diameter of about 2.5 inch. The annular porous structure was then pyro- 
lyzed to transform the fibers to carbon. The pyrolyzed porous structure, having a bulk density of 0.49 g/cc, was then 

35 placed in a furnace similar to furnace 1 1 of Figure 14. Pressure was reduced to 10 ton inside the furnace volume and 
thefurnace was heated and stabilized at a temperature of about 1 B60*F when measured by a temperature sensor posi- 
tioned as temperature sensor 78 of Figure 14. A resctant gas mixture was introduced as described in relation to Figure 
14 and allowed to freely disperse over and around the porous structure in a manner typical of a conventional CVI/CVD 
process. The reactantgas mixture was comprised of 87% (volume percent) natural gas and 13% propane at a flow rate 

4C of 4000 seem (standard cubic centimeters per minute) and a residence time of about 1 second in the reactor volume. 
The natural gas had a composition of 98.4% methane (volume percent), 1 .80% ethane, 0.50% propane, 0.15% butane, 
0.05% pentane, 0.70% carbon dioxide, and 0.40% nhrogen. The process was stopped three times to measure bulk den- 
sity gain of the porous structure. Total deposition process time was 306 hours. An average rata of deposition was cal- 
culated for each of the three densification runs. The test conditions and data from this example are presented in Table 

45 1, including cumulative deposition time (Cum. Time) and total density gain (Density Gain) at each cumulative time 
noted. The carbon matrix deposited within the densified porous structure at the end of the process comprlssd nearly all 
rough laminar microstructure with minimal deposits of smooth laminar microstructure at the surface of the porous struc- 
ture. 

so 

TABLE 1 



Cum. Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (F D ) 


Density Gain (g/cc) 


41 


4000 


1857 


0,310 


166 


4000 


1860 


0.886 


306 


4000 


1855 


1.101 
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EXAMPLE 2 

An annular porous structure having a thickness of 1 .6 inch, an outside diameter of 6.2 inch, and an inside diameter 
of 1.4 inch was cut from a fibrous textile structure and processed according to Example 1 by a conventional CVI/CVD 
5 process. The test conditions and data from this example are presented In "fable 2. 



TABLE 2 



Cum. Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (F*) 


Density Gain (g/cc) 


92 


4000 


1858 


0.370 



EXAMPLE 3 

is Two annular porous structures (Disks A and B), prepared from a fibrous textile structure and having the same 
dimensions as described in Example 1 , were dansified by a pressure gradient CVI/CVD process using a -furnace similar 
to furnace 10 of Figure 1 ■ a fixture similar to fixture 2 of Figure 2 having ID/OD spacers, and the reactant gas mixture 
of Example 1. The lest conditions and data -from this example are presented in Table 3. Furnace pressure was 10 torr. 
Temperature of the gas stream was estimated to be 1740 G F when measured by a temperature sensor such as temper- 

so ature sensor 74 of Figure 1 . The gas was forced to flow through the porous structure, as previously described in relation 
to Figure 2, at a flow rate of 4000 seem. The carbon matrix deposited within Disk A comprised all rough laminar micro- 
structure. The microstmcture of Disk B was not evaluated. Disk A was cut into smaller samples and the bulk density 
measurements of these samples were determined using the Archimedes method, and demonstrated a density profile 
similar to Figure 8. 

25 



TABLE 3 



Disk 


Run Time (Hour) 


Gas Flow Rate (seem) 


Part Temp, (P) 


Density Gain (g/cc) 


A 


165 


4000 


1861 


1.106 


B 


123 


4000 


1859 


0.928 



EXAMPLE 4 

35 

Three annular porous structures (Disks A, B and C) were prepared and Individually densHled by a pressure gradi- 
ent CVI/CVD process according to Example 3 except that the porous structures were flipped part way through the proc- 
ess in order to obtain a more uniform final density distribution. Temperature of the gas stream was approximately 1740 
♦F when measured by a tenperatura sensor such as tampenature sensor 74 of Figure 1 . The test conditions and data 
40 from this example are presented in Table 4. The carbon matrix deposited within Disks A and C was all rough laminar 
before the flip, and essentially smooth laminar after the flip. The microstructura of Disk B was not determined. The "final 
densffled porous structures had density profiles similar to Figure 9. 



TABLE 4 





Disk 


Cum. Time (hour) 


Gas Flow Rata (seem) 


Part Temp. (F°) 


Density Gain (g/cc) 




A 


72 Flip 


4000 


1859 


0.743 


SO 




98 


4000 


1859 


0.853 




111 


4000 


1855 


1.034 




B 


49 Flip 


4000 


1854 


0.619 






74 


4000 


1849 


0898 


S3 


C 


49 Flip 


4000 


1858 


0.825 






75 


4000 


1853 


0915 



10/27/05, EAST Version: 2.0.1.4 



* 



EP 0 832 683 A2 

EXAMPLE 5 

Two annular porous structures, prepared from a fibrous textile structure and having the same dimensions as 
described in Example 1 , were simultaneously densif ied by a pressure gradient CVI/CVD process with a fixture similar 
5 to fixture 6 of Figure 4 having all "ID" spacers, and the reactant gas mixture of Example 1. Temperature of the gas 
stream was estimated 1745 °F whan measured by a temperature sensor such as temperature sensor 74 of Figure 1. 
The test conditions and data "from this example are presented in Table 5. Density gain on Table 5 is an average "for the 
two disks. The carbon matrix deposited within the densified porous structure at the end of the process comprised aJI 
rough laminar microstructure. Computed tomagraphy scans of the disk demonstrated density profiles similar to Figure 
10. 



TABLE 5 



Cum. Time (hour) 


Gas Flow Rate (seem) 


Part "femp. (F°) 


Density Gain (g/cc) 


24.4 


8000 


1860 


0.262 


70.7 


B0QO 


1856 


0.593 



so EXAMPLE 6 

Four annular porous structures, prepared from a fibrous textile structure and having the seme dimensions as 
described in Example 1. were densified by a pressure gradient CVI/CVD process using a fixture similar to fixture 8 of 
Figure 5 having ail "OD" spacers, and the reactant gas mixture of Exarrple 1 . Two disks were simultaneously densified 

2$ (Disk Pair A and B) and reactant gas flow rate was doubled to maintain a flew rate of 4000 seem per disk. Temperature 
of the gas stream was approximately 1750 °F when measured by a temperature sensor such as temperature sensor 74 
of Figure 1 . The test conditions and data from this example are presented in Table 6. The density gain on Table 6 is an 
average for each disk pair. The carbon matrix deposited within the densified porous structure at the end of the process 
comprised all rough laminar microstructure. Computed tonography scans of Disk Pair B demonstrated density profiles 

30 similar to Figure 11. 



TABLE 6 



Disk Pair 


Run Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (F*) 


Density Gain (g/cc) 


A 


70 


8000 


1860 


0.951 


6 


70 


8000 


1855 


0.861 



40 EXAMPLE 7 

An annular porous structure was prepared from a fibrous textile structure, having the same dimensions as 
described in Example 2, and densified by a pressure gradient CVI/CVD process using a fixture similar to fixture 7 of 
Figure 7 having all "ID" seals with a reverse flow process, and the reactant gas mixture of Example 1 . Temperature of 
45 the gas stream was estimated (1730 °F)when measured by a temperature sensor such as temperature sensor 74 of 
Figure 1 , The reactant gas was forced to flow through the porous structure as previously described In relation to Figure 
7 at a flow rate of 3000 seem (the flow was lowered since the disk was smeller than the disks used in Examples 3-6). 
The test conditions and data from this example are presented in Table 7. The carbon matrix deposited within the den- 
sified porous structure at the end of the process comprised mostly smooth laminar microstructure. 

so 



TABLE 7 



Cum. Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (F°) 


Density Gain (g/cc) 


50 


3000 


1854 


0.987 



Referring now to Figure 24, the data presented on Tkbles 1 through 7 Is depicted In graphical form, The data from 
Tables 1 and 2 is presented as a single smoothed curve 516 representing conventional CVI/CVD. The data from Tables 



10/27/05, EAST Version: 2.0.1.4 



EP 0 832 8B3 A2 

3 and 4 Is presented as a single smoothed curve 518 representing pressure gradient CVI/CVD using 1DA3D" spacers. 
The data from Table 5 is presented as a single smoothed curve 520 representing pressure gradient CVI/CVD using all 
"ID" spacers. The data from Ifeble B is presented as a single smoothed curve 522 representing pressure gradient 
CVI/CVD using all n OD" spacers. The data from Table 7 is presented as curve 524 representing reverse flow pressure 

5 gradient CVI/CVD with all "ID" spacers. Densification rates Increased by factors from about one and one-half to five 
times conventional CVI/CVD dansrf ication rates. Tima to achieved bulkdensity increase of 1 g/cc was reduced by about 
25% to 80% relative to conventional CVI/CVD time. The importance of eliminating as many leaks as possible is appar- 
ent from Figure 24. Any leakage tends to decrease the densification rate from the maximum attainable rate. Increased 
denerf ication rates may be achieved even with a small amount of leakage. Thus, some leakage may occur while remain- 

io ing within the purview of the invention. 

Referring now to Figure 25, curves representing densification rate versus normalized flow are presented, The nor- 
malized flow is indicated as F* and represents a quantity of flow per unit of disk volume (for example, 4000 seem per 
1000 cc disk volume ■ 4 min" 1 ). Additional tests were run according to Example 6 and 7 above except flow rates of reac- 
tant gas were varied from one test to the next. The data from tests conducted according to Example 6 with varying flow 
is are presented on Tables 6, and the data from tests conducted according to Example 7 with varying flow are presented 
on Table 9. A curve 526 represents conventional CVI/CVD. Data from Table 8 is presented as curve 528 which repre- 
sents pressure gradient CVI/CVD with all "OD" spacers (Figure 5). Data from Table 9 is presented as curve 530 which 
represents reverse flow pressure gradient CVI/CVD with all "ID" spacers (Figure 7). 



20 

TABLE 8 





Cum. Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (°F) 


Density Gain (g/cc} 


Average Deposition Rate 
(g/cc/h) 


25 


50 


1000 


1853 


0.232 


0.0046 




50 


2000 


1856 


0.414 


0.0083 




50 


4000 


1851 


0.547 


0.0109 


30 
35 


70 


8000 


1858 


0.906 


0.0129 






TABLE 9 








Cum. Time (hour) 


Gas Flow Rate (seem) 


Part Temp. (°F) 


Density Gain (q/cc) 


Average Deposition Rate 
(g/cc/h) 




50 


500 


1852 


0.323 


00065 


40 


50 


1000 


1853 


0.498 


0.0100 




56 


2000 


1855 


0.920 


0.0164 




48 


3000 


1854 


0.987 


0.0215 


45 


SB 


4000 


1852 


0.919 


0.0242 



Referring now to Figure 26, curves representing densification rate versus normalized flow are presented. Additional 
tests were run according to Example 6 (pressure gradient with all "OD" spacers) above except the furnace volume pres- 
sure and flow rates of r eactant gas were varied from one test to 1he next. The data from -these tests is presented in Table 

so 10. Data from Table 10 is presented as three curves 532, 534, and 536. Curve 532 represents data at a furnace volume 
pressure of 10 torr when measured by a pressure sensor such as sensor 72 of Figure 1 . Curve 534 represents data at 
a furnace volume pressure of 25 torr when measured by a pressure sensor such as sensor 72 of Figure 1 . Curve 532 
represents date at a furnace volume pressure of 50 tonr when measured by a pressure sensor such as sensor 72 of 
Figure 1 . The matrix deposited in all of these tests comprised all rough laminar microstructure. As demonstrated by Fig- 

55 ure 26, additional gains in densif ication rate may be realized by increasing the furnace volume pressure (Reactor Pres- 
sure) while maintaining a desired rough laminar microstructure. This was a surprising discovery. 
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TABLE 10 



Cum. Time (hour) 


Reactor Pressure 
(torrj 


Gas Flow Rate 

■ j~t j~i_fi n.i T 


Part Temp. (°F) 


Density Gain 
(g/oc) 


Average Deposi- 
tion Kate (Q/oc/n) 


50 


10 


2000 


185S 


0.414 

mr • i I • 


0 0083 


50 


10 


4000 


1851 


0.547 


0.0109 


70 


10 


6000 


1858 


0.906 


0.0129 


50 


25 


2000 


1853 


0.449 


0.0090 


50 


25 


4000 


1853 


0.511 


0.0122 


50 


50 


2000 


1853 


0.493 


0.0099 


50 


50 


4000 


1852 


0.683 


0.0137 



Referring now to Figure 27, pressure differential across the porous structure versus bulk density is presented for 
several reactant gas flow rates. Additional teste were run according to Example 6 with varying flow rates. Data from 

20 theee tests is presented in "fable 1 1 . The data from Table 1 1 iG presented in Figure 27 as a first eat of curves 538 for a 
flow rate of 1000 scan per disk, a second set of curves 540 "for a flow rate of 2000 seem per disk, and a third set of 
curves 542 for & flow rate of 4000 seem per disk. The matrix deposited in all of these tests comprised all rough laminar 
microstructure. Table 1 1 includes the initial pressure differential across the porous structures (Init. Delta P) , final pres- 
sure differential across the porous structures (Final Delta P), and furnace volume pressure (Reactor Pressure) which 

& was maintained constant. As demonstrated by Figure 27, the pressure gradient across the porous structure may be at 
least as high as 80 torr (which Indicates 90 torr on the high pressure side of the porous structure) while maintaining a 
desired rough laminar microstructure. 



TABLE 1 1 





Cum. Time (h.) 


Gas Flow Rata 
(seem) 


Temp (°F) 


Density Gain 
(g/cc) 


Average 
Deposit. Rate 
(g/cc/h) 


Init. Delta P 
(torr) 


Final Reactor 
Delta Pressure 
P (torr) 


35 


50 


2000 


1856 


0.414 


0.0083 


5 


1210 




50 


2000 


1853 


0.449 


0.0090 


10 


025 




50 


2000 


1853 


0.493 


0.0099 


6 


1650 




50 


4000 


1851 


0.547 


0.0109 


14 


3210 


40 


50 


4000 


1353 


0.611 


0.0122 


15 


3925 




50 


4000 


1852 


0.663 


0.0137 


15 


4250 




70 


8000 


1860 


0.951 


0.0136 


38 


8110 


45 


70 


BO0O 


1BS5 


0.861 


0.0123 


32 


5610 



Tests have demonstrated that the pressure gradient CVI/CVD process according to the invention may be con- 
ducted with a part temperature in the range of 1800-2000 °F t a reactor pressure in the range of 10-150 torr, normalized 

bo reactant gas flow rate (F*) in the range of 0.4-10 min" 1 , and with a hydrocarbon reactant gas mixture of natural gas and 
0-40% (volume percent) propane. Conducting the process within these ranges generally produces a rough laminar 
and/or smooth laminar microstructure. Conducting the process with all of these process parameters at or near the high 
extreme of each of these ranges may result in tarring or sooting. Other carbon bearing gases, pressures, and -temper- 
atures known in the art for CVI/CVD processes may be substituted without departing from the invention. 

S5 Densifying a porous structure by a pressure gradient CVI/CVD process according to the invention followed by a 
conventional CVI/CVD process produces a densK ied porous structure having a more uniform density distribution than 
a comparable porous structure denslfled only by a conventional CVI/CVD process. According to a certain embodiment, 
for example, an annular porous carbon structure having an inside diameter of about 10.5 inches (indicated as 602 in 
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Figure 23), a web (Indicated as 604 In Figure 23) of about 5.25 Inches, and a thickness (Indicated as 806 In Figure 23) 
of about 1 .25 inches, is densif led first with a carbon matrix deposited by a pressure gradient CVl/CVD process (Exam- 
ple 6 conditions) using a fixture such as fixture 201 (Figure 18) in furnace such as furnace 400 (Figure 15) resulting in 
a density distribution similar to densif ied structure 330 of Figure 11. Carbon matrix is further deposited by a conven- 

5 tlonal CVl/CVD process (Example 1 conditions) resulting In a density distribution similar to densif led structure 340 of 
Figure 12, and having a mean bulk density of about 1.77 g/cc. Aoconding to standard statistical practice, the standard 
deviation of the bulk density throughout the densified structure is about 0.06 g/cc. The standard deviation of the bulk 
density throughout a comparable porous carbon structure densified to an equivalent mean bulk density by only conven- 
tional CVl/CVD processes is about 0.09 g/oc. Thus, a porous structure densified by a pressure gradient CVl/CVD proc- 

io ess followed by a conventional CVl/CVD process is more uniform than a porous structure densified by only conventional 
CVl/CVD processes. Circumferential as well as total variation Is reduced. Uniformity Is desirable for carbon/carbon air- 
craft brake disks. 

The standard deviation of the bulk density throughout a carbon/carbon structure manufactured according to the 
invention is preferably less than or equal to 0.07 g/cc, is more preferably less than or equal to 0.06 g/cc or 0.05 g/cc, 
75 and is most preferably less than or equal to 0.04 or 0.03 g/cc. Coefficient of variation of bulk density in any densified 
porous structure is preferably less than or equal to 4%, mora preferably less than or equal 3.5% or 3%, and most pref- 
erably less than or equal to 2.3% or 1 .8%. 

It is evident that many variations are possible without departing from the scope of the invention as defined by the 
claims that follow. 
so A CVl/CVD process, comprising the steps of: 

partially densifying a porous structure within a CVl/CVD -furnace by depositing a first matrix within said porous 
structure with a pressure gradient CVl/CVD process in which a first portion of said porous structure is subjected to 
a greater pressure than a second portion of said porous structure and said first portion has a greater bulk density 
as gain than said second portion; and, 

subsequently densifying said porous structure by depositing a second matrix within said porous structure with at 
least one additional densrfication process in which said second portion has a greater bulk density gain than said 
first portion. 

30 The process as above wherein said additional densrfication process is a conventional CVl/CVD process. 

The process as above wherein said additional densrfication process is a pressure gradient CVl/CVD process in 
which said second portion Is subjected to a higher pressure than said first portion. 

The process as above wherein said additional densification process is a resin impregnation process, and further 
comprising the step of charring said resin. 
35 The process as above further comprising the step of heat treating said partially densified porous structure at a tem- 
perature greater than said pressure gradient CVl/CVD process before said step of subsequently densifying the porous 
structure by at least one additional densification process. 

The process as above wherein said porous structure is a carbon porous structure and said pressure gradient 
CVl/CVD process deposits a carbon matrix within said porous structure. 

The process as above wherein said porous structure is annular and has two generally planar opposing surfaces, 
and said first portion includes one of said two opposing surfaces, and said second portion includes the other of said two 
opposing surfaces. 

The process as above wherein said porous structure is annular and has an inside circumferential surface and an 
outside circumferential surface, and said first portion includes said inside circumferential surface, and said second por- 
tion includes said outside circumferential surface. 

The process as above wherein said porous structure Is annular and has an Inside circumferential surface and an 
outside circumferential surface, and said first portion includes said outside circumferential surface, and said second por- 
tion includes said inside circumferential surface. 

The process as above wherein said porous structure is annular and has an inside circumferential surface and an 
so outside circumferential surface, and said first portion includes said inside circumferential surface, and said second por- 
tion includes said outside circumferential surface. 

The process as above wherein said porous structure is annular and has two generally parallel planar surfaces 
bounded by an inside circumferential surface and an outside circumferential surface spaced from and encircling said 
inside circumferential surface, and said first portion includes said inside circumferential surface and one of said two 
ss generally parallel planar surfaces, and said second portion includes said outside circumferential surface and the other 
of said two generally parallel planar surfaces. 

The process as above wherein said porous structure Is annular and has two generally parallel planar surfaces 
bounded by an inside circumferential surface and an outside circumferential surface spaced from and encircling said 
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Inside circumferential surface, and said first portion Includes said outside circumferential surface and one of said two 
generally parallel planar surfaces, and said second portion includes said inside circumferential surface and the other of 
said two generally parallel planar surfaces. . 

The process as above further comprising the step of heat treating said porous structure at a temperature greater 

5 than said pressure gradient CVI/CVD process after said pressure gradient CVI/CVD process and before said step of 
subsequently densifying said porous structure. 

The process as above wherein said step of heat treating said porous structure follows said pressure gradient 
CVI/CVD process without removing said porous structure from said CVI/CVD furnace. 
A CVI/CVD process, comprising the steps erf: 

10 

partially densifying a multitude of annular fibrous carbon structures within a CVI/CVD furnace by depositing a first 
carbon matrix within said annular fibrous carbon structure with a pressure gradient CVI/CVD process in which a 
first portion of each annular fibrous carbon structure is subjected to a higher pressure than a second portion of 
each annular fibrous carbon structure and said first portion has a greater bulk density gain than said second por- 
15 tion; and, 

subsequently densifying said multitude of annular fibrous carbon structures by depositing a second carbonaceous 
matrix within each annular fibrous carbon structure with at least one additional densification process in which said 
second portion has a greater bulk density gain than said first portion. 

20 The process as above wherein each annular fibrous carbon structure has two generally parallel planar surfaces, 
and said first portion includes one of said two generally parallel planar surfaces, and said second portion includes the 
other of said two generally parallel planar surfaces. 

The process as above wherein each annular fibrous carbon structure has an inside circumferential surface and an 
outside circumferential surface, said first portion includes said inside circumferential surface, and said second portion 

6 includes said outside circumferential surface. 

The process as above wherein each annular fibrous carbon structure has an Inside circumferential surface and an 
outside circumferential surface, and said first portion includes said outside circumferential surface, and said second por- 
tion includes said inside circumferential surface. 

The process as above wherein each annular fibrous carbon structure has an inside circumferential surface and an 
30 outside circumferential surface, and said first portion includes said inside circumferential surface, and said second por- 
tion includes said outside circumferential surface. 

The process as above wherein each annular fibrous carbon structure has two generally parallel planar surfaces 
bounded by an inside circumferential surface and an outside circumferential surface spaced from and encircling said 
inside circumferential surface, and said -first portion includes said inside circumferential surface and one of said two 
35 generally parallel planar surfaces, and said second portion includes said outside circumferential surface and the other 
of said two generally parallel planar surfaces. 

The process as above wherein each annular fibrous carbon structure has two generally parallel planar surfaces 
bounded by an inside circumferential surface and an outside circumferential surface spaced from and encircling said 
inside circumferential surface, and said first portion includes said outside circumferential surface and one of said two 
40 generally parallel planar surfaces, and said second portion includes said inside circumferential surface and the other of 
said two generally parallel planar surfaces. 

The process as above further comprising the step of heat treating said annular fibrous carbon structure at a tem- 
perature greater than said pressure gradient CVI/CVD process after said pressure gradient CVI/CVD process and 
before said step of subsequently densrfying said annular fibrous carbon structure. 
45 The process as above wherein said step of heat treating said porous structure follows said pressure gradient 
CVI/CVD process without removing said porous structure from said CVI/CVD furnace, 

A CVI/CVD process, comprising the steps of: 

heating a porous carbon structure to a temperature of at least 1 750 °F; 
so heating a hydrocarbon reactant gas to a temperature of at least 1550 °F; 

partially densifying said porous carbon structure by forcing said reactant gas to pass through said porous carbon 
structure from a first portion of said fibrous structure to a second portion of said porous carbon structure, said first 
portion having a greater bulk density gain than said second portion; and, 

subsequently densifying said porous carbon structure by depositing a second matrix within said porous carbon 
55 structure with at least one additional densification process in which said second portion has a greater bulk density 
gain than said first portion. 

The process as above wherein said second matrix is a carbon matrix and said additional densification process is a 
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conventional CVI/CVD process, 

The process as above wherein said additional densif ication process comprises the steps of: 

heating a porous carbon structure to a temperature of at least 1 750 °F; 
5 heating a hydrocarbon reactant gas to a temperature of at least 1 650 °F ; and, 
passing said reactant gas around said porous structure. 

The process as above further comprising the step of heat treating said porous carbon structure ata temperature of 
at least 3300 °F after said step of partially densi-fying said porous carbon structure and before said step of subsequently 
10 densifying said porous carton structure. 

The process as above wherein said step of heat treating said porous structure follows said pressure gradient 
CVI/CVD process without removing said porous carbon structure from said CVI/CVD furnace. 

A product made by the process as above. 

A friction disk, comprising: 

75 

a densified annular porous structure having a first carbon matrix deposited within said annular porous structure and 
a second carbon matrix deposited within said annular porous structure overlying said first carton matrix, said den- 
srfied annular porous structure having two generally parallel planar surfaces bounded by an inside circumferential 
surface and an outside circumferential surface spaced from and encircling said inside circumferential surface, a first 

20 circumferential portion adjacent said inside circumferential surface, and a second circumferential portion adjacent 
said outside circumferential surface, wherein said first and second circumferential portions are bounded by said two 
generally parallel planar surfaces, said second circumferential portion having at least 10% less of said first carton 
matrix per unrt volume relative to said first circumferential portion, said first carbon matrix and said second carbon 
matrix having a substantially rough laminar microstructure, and said first carbon matrix being more graphitized than 

ss said second carbon matrix. 

The friction disk as above wherein said first carbon matrix and said second carbon matrix have at least 90% rough 
laminar microstructure. 

The friction disk as above wherein said first carbon matrix and said second carbon matrix have at least 95% rough 
30 laminar microstructure. 

The friction disk as above wherein said first circumferential portion has a greater thermal conductivity normal to 
said two generally parallel planar surfaces than said second circumferential portion. 

The friction disk as above wherein said first circumferential portion has a greater thermal conductivity normal to 
said first and second circumferential surfaces than said second circumferential portion. 
35 The friction disk as above wherein said first circumferential portion has a greater crushed apparent density than 
said second circumferential portion. 

The friction disk as above wherein said first circumferential portion with has a crushed apparent density at 0.2% 
greater than said second circumferential portion. 

The friction disk as above wherein said first carbon matrix has a greater thermal conductivity than said second car- 
40 bon matrix. 

The friction disk as above wherein said first carbon matrix has a greater density than said second carton matrix. 
The friction disk as above wherein said annular porous structure comprises carbon fibers, 
The friction disk as above wherein said densified annular porous structure comprises an annular fibrous structure. 
The friction disk as above wherein said densified annular porous structure comprises an annular fibrous structure 
45 having carton fibers. 

The friction disk as above wherein said first circumferential portion has a greater thermal conductivity normal to 
said two generally parallel planar surfaces than said second circumferential portion. 

The friction disk as above wherein said first circumferential portion has a greater thermal conductivity normal to 
said first and second circumferential surfaces than said second circumferential portion. 
so The friction disk as above wherein said first circumferential portion has a greater crushed apparent density than 
said second circumferential portion. 

The friction disk as above wherein said densified annular porous structure comprises an annular fibrous structure 
having only carbon fbars. 

A friction disk, comprising: 

55 

a densified annular fibrous structure having a first carton matrix deposited within said annular porous structure and 
a second carbon matrix deposited within said annular porous structure overlying said first carbon matrix, said den- 
sified annular porous structure having two generally parallel planar surfaces bounded by an inside circumferential 
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surface and an cutsld e circumferential surface spaced from and encircling said Inside circumferential surface, a first 
circumferential portion adjacent said inside circumferential surface, and a second circumferential portion adjacent 
said outside circumferential surface, wherein said first and second circumferential portions are bounded by said two 
generally parallel planar surfaces, said second circumferential portion having at least 10% less of said first carbon 

5 matrix per unit volume relative to said first circumferential portion, said first carbon matrix and said second carbon 
matrix having a substantially rough laminar microstructura, and said first carbon matrix being more graphitizedihan 
said second carbon matrix; 

wherein thermal conductivity normal to said two opposing surfaces and crushed apparent density of said 
dsnsif ied annular porous structure generally decrease in a radial direction from said inside circumferential surface 

w to said outside circumferential surface. 

The friction disk as above wherein said densif ied annular fibrous structure comprises carton fibers. 
A CVI/CVD process in a CWCVD furnace, comprising the steps of: 

is introducing a reactant gas into a sealed preheater disposed within said GVI/CVD furnace, said sealed preheater 

having a preheater inlet end a preheater outlet, said reactant gas being introduced into said preheater inlet and 

exiting said sealed preheater through said preheater outlet and infiltrating at least one porous structure disposed 

within said CVI/CVD furnace; 

heating said at least one porous structure; 
so heating said sealed preheater to a preheater temperature greater than said reactant gas temperature; 

sensing a gas temperature of said reactant gas proximate said outlet; 

adjusting said preheater temperature to achieve a desired gas temperature; and, 

exhausting said reactant gas from said CVI/CVD furnace. 

25 The process as above wherein said CVI/CVD furnace comprises a susceptor wall, and further comprising the step 
of heating said susceptor wall, and said step of heating said sealed preheater comprises the step of radiating heat 
energy from said susceptor wall to said sealed preheater. 

The process as above wherein said sealed preheater is disposed in close proximity to said susceptor wall. 
The process as above wherein said CVI/CVD furnace oomprises a susceptor wall having at least first and second 
30 susceptor wall portions and at least first and second induction coils, said first induction coil being inductively coupled to 
said first susceptor wall in a manner that transforms electrical energy from said first induction coil to heat energy in said 
first susceptor wall, and said second Induction coll being Inductively coupled to said second susceptor wall portion In a 
manner that transforms electrical energy from said second induction coil to heat energy in said second susceptor wall 
portion, said sealed preheater being disposed proximate said first susceptor wall portion and being heated to said pre- 
ss heater temperature at least in part by radiant heat energy from said first susceptor wall portion; and 

wherein said step of adjusting said heat exchanger temperature comprises the step of adjusting electrical power 
to said first induction coil. 

The process as above wherein said CVI/CVD furnace comprises a cylindrical susceptor wall having at least first 
and second cylindrical susceptor wall portions and at least first and second cylindrical induction coils, said first cylindri- 
40 cal induction coil being concentrically disposed around and inductively coupled to said first cylindrical susceptor wall in 
a manner that transforms electrical energy from said first cylindrical induction coil to heat energy in said first cylindrical 
susceptor wall, and said second cylindrical Induction coll being concentrically disposed around and Inductively coupled 
to said second cylindrical susceptor wall portion in a manner that transforms electrical energy from said second cylin- 
drical induction coil to heat energy in said second cylindrical susceptor wail portion, said sealed preheater defines a 
generally cylindrical preheater perimeter concentrically disposed within and in close proximity to said first cylindrical 
susceptor wall portion and being heated to said preheater temperature at least In part by radiant heat energy from said 
first cylindrical susceptor wall portion; and 

wherein said step of adjusting said preheater temperature comprises the step of adjusting electrical power to 
said first induction coil. 

bo The process as above wherein said CVI/CVD furnace comprises a generally cylindrical susceptor wall, and said 
sealed preheater comprises a generally arcuate preheater perimeter in close proximity to said cylindrical susceptor 
wall. 

The process as above wherein said sealed preheater is resistance heated by electrical energy. 
The process as above wherein said preheater outlet comprises an array of perforations. 
55 The process as above wherein said at least one porous structure conprises a first portion and a second portion; 
and, 

further comprising the step of forcing said reactant gas to pass through said at least one porous structure from 
said first portion to said second portion. 
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The process as above wherein said reactant gas deposits a carbon matrix having a substantially rough laminar 
microstructure within said at least one porous structure. 

The process as above wherein said at least one porous structure Is a carbon porous structure, and said reactant 
gas deposits a carbon matrix within said at least one porous structure. 
5 The process as above wherein said at least one porous structure comprlsesa plurality of annular porous structures 
disposed in a stack that defines an annular porous wall; and, 

•further comprising the step of forcing dispersion of said reactant gas through said annular porous wall by intro- 
ducing said reactant gas to said CVI/CVD furnace and exhausting said reactant gas from said CVI/CVD furnace on 
opposite sides of said annular porous wall. 
io The process as above wherein aach annular porous structure has a surface araa, said stack of annular porous 
structures having at least one ring concentrically disposed between each pair of adjacent porous structures with a 
majority of said surface area of each annular porous structure being exposed to said reactant gas. 

The process as above wherein said stack defines an enclosed cavity bounded by said annular porous wall; and, 
-further comprising the step of introducing said reactant gas from said preheater outlet into said enclosed cavity; 
75 said enclosed cavity being sealed to said preheater outlet 

A CVI/CVD process in a CVI/CVD furnaoB, comprising the steps of: 

forming an annular porous wall that defines an enclosed cavity, said porous annular wall including a stack of annu- 
lar fibrous carbon structures; 

20 sealing said annular porous wall to a sealed preheater, said sealed preheater having a preheater inlet and a pre- 
heater outlet, said enclosed cavity being in fluid communication with said gas outlet; 

introducing a carbon bearing reactant gas into said preheater inlet, directing said gas through said sealed pre- 
heater, to said preheater outlet, and into said enclosed cavity; 
heating said annular porous wall; 
2S heating said preheater to a preheater temperature greater than a gas temperature of said reactant gas proximate 
said preheater Inlet; 

sensing a gas temperature of said reactant gas proximate said preheater outlet; 
adjusting said preheater temperature to achieve a desired gas temperature; and, 

withdrawing said reactant gas from said CVI/CVD furnace on a side of said annular porous wall opposite said 
30 enclosed cavity thereby forcing dispersion of said reactant gas introduced into said enclosed cavity through said 
annular porous well. 

The process as above wherein said CVI/CVD furnace comprises a susceptor wall having at least first and second 
susceptor wall portions and at least first and second induction coils, said first induction coil being inductively coupled to 

35 said first susceptor wall in a manner that transforms electrical energy from said -first induction coil to heat energy in said 
first susceptor wall, and said second Induction coll being Inductively coupled to said second susceptor wall portion In a 
manner that transforms electrical energy from said second induction coil to heat energy in said second susceptor wall 
portion, said preheater being disposed proximate said -first susceptor wall portion and being heated to said preheater 
temperature at least in part by radiant heat energy from said first susceptor wall portion; and 

40 wherein said step of adjusting said preheater temperature comprises the step of adjusting electrical power to 

said first induction coil. 

The process as above wherein said reactant gas deposits a carbon matrix having a substantially rough laminar 
microstructure within said annular porous wall. 

The process as above wherein each annular fibrous carbon structure has a surface area, said stack having at least 
45 one ring concentrically disposed between each pair of adjacent annular -fibrous carbon structures with a majority of said 
surface area of each annular fibrous carbon structure being exposed to said reactant gas. 

An apparatus for introducing a -first reactant gas into 
a CVI/CVD furnace, comprising: 

so a first main gas line for supplying the first reactant gas; 

a plurality of furnace supply lines in fluid communication with said first main gas line and the CVI/CVD furnace; 
a plurality of first flow meters that measure a quantity of first reactant gas flow through each furnace supply line; 
and, 

a plurality of first control valves configured to control said quantity of flow of the first reactant gas through each fur- 
55 nace simply line. 

The apparatus as above wherein said quantity of flow Is different for each furnace supply line, 

The apparatus as above wherein saW plurality of first flow meters communicate with a controller, said controller 
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controlling said plurality of (Inst control valves. 

The apparatus as above wherein each furnace supply line comprises one first flow meter and one-first control valve, 
said one first flow meter communicating with a controller, said controller controlling said one first control valve. 

The apparatus as above further comprising a first main control valve disposed wrthin said first main gas line. 
5 The apparatus as above wherein a second reactant gas Is supplied to the GVi/CVD furnace, further comprising: 

a second main gas line for supplying the second reactant gas; 

a plurality of second flow meters that measure a quantity of second reactant gas flow through each furnace supply 
line; and, 

to a plurality of second control valves configured to control said quantity of flow of the second reactant gas through 
each furnace supply line. 

An apparatus for CVI/CVD densifying a plurality of porous structures, comprising: 

is a CVI/CVD furnace that defines a furnace volume; 

a vacuum apparatus in fluid communication with said furnace volume; 
a first main gas line for supplying a first reactant gas; 

a plurality of furnace supply lines in fluid communication with said first main gas line; and, 
a plurality of stacks of the porous structures disposed within said furnace volume, each stack defining an enclosed 
so cavity in fluid communication with a different furnace supply line and sealed within said furnace volume such that a 
reactant gas flow introduced into each enclosed cavity through said one furnace supply line is forced to disperse 
through said porous structures before being withdrawn from said furnace volume by said vacuum apparatus. 

The apparatus as above further corrprising a first main control valve disposed within said first main supply line. 
£5 The apparatus as above further comprising: 

a plurality of first flow meters that measure a quantity of first reactant gas flow through each furnace supply line; 
and, 

a plurality of first control valves configured to control said quantity of flow of the first reactant gas through each fur- 
30 nace supply line. 

The apparatus as above wherein said quantity of first reactant gas, flow Is different for each furnace supply line, 
The apparatus as above wherein each furnace supply line comprises one first flow meter and one first control valve, 
said one first flow meter communicating with a controller, said controller controlling said one first control valve. 
ss The apparatus as above further comprising: 

a second main gas line for supplying a second reactant gas, said furnace supply lines being in fluid communication 
with said second main gas line. 

40 The apparatus as above further corrprising: 

a plurality of second flow meters that measure a quantity of second reactant gas flow through each furnace supply 
line; and, 

a plurality of second control valves configured to control said quantity of flow of said second reactant gas through 
45 each furnace supply line. 

A CVI/CVD densiffcation process, comprising the steps of: 

densifying a first porous wall within a CVI/CVD furnace by a pressure gradient CVI/CVD process wherein a first flow 
so of reactant gas is forced to disperse through said first porous wail; 

densifying a second porous wall by a pressure gradient CVI/CVD process wherein a second flow of reactant gas is 
forced to disperse through said second porous wall; and, 

independently controlling said first flow of said reactant gas and said second flow of said reactant gas. 

ss The process as above further comprising the steps of: 

densifying at least a third porous wall by a pressure gradient CVI/CVD process wherein at least a third flow of reac- 
tant gas is forced to disperse through at least said third porous wall; and 
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Independently controlling at least said third flow of reactant gas. 
The process as above further comprising the steps of: 

5 sensing a first porous wall temperature; and, 

controlling said -first porous wall temperature by increasing or decreasing said first flow of reactant gas. 

The process as above further comprising the steps of: 

io sensing a second porous wall temperature; and, 

controlling said second porous wall temperature by Increasing or decreasing said second flow of reactant gas. 

The process as above wherein: 

75 said step of densifying said first porous wall includes the step of subjecting one side of said first porous wall to said 
first flow of reactant gas at a first pressure and an opposing side of said first porous wall to a vacuum pressure, said 
first pressure being greater than said vacuum pressure; and, 

said step of densifying said second porous wall includes the step of subjecting one side of said second porous wall \ 
to said second flow of reactant gas at a second pressure and an opposing side of said second porous wall to a vac- 
so uum pressure, said second pressure being greater than said vacuum pressure 

The process as above further comprising the steps of: 

sensing said first pressure; and, 
25 controlling said first pressure by increasing or decreasing said first flow of reactant gas. 

The process as above further comprising the steps of: 

sensing said second pressure; and, 
30 controlling said second pressure by increasing or decreasing said second flow of reactant gas. 

Claims 

1 . A CVl/CVD process in a CVl/CVD furnace, comprising the steps of: 

35 

Introducing a reactant gas Into a sealed preheatsr disposed within said CVl/CVD furnace, said sealed pre- 
heater having a preheater inlet and a preheater outlet, said reactant gas being introduced into said preheater 
inlet and exiting said sealed preheater through said preheater outlet and infiltrating at least one porous struc- 
ture disposed within said CVl/CVD furnace; 
40 heating said at least one porous structure; 

heating said sealed preheater to a preheater temperature greater than said reactant gas temperature; 
sensing a gas temperature of said reactant gas proximate said outlet; 
adjusting said preheater temperature to achieve a desired gas temperature; and, 
exhausting said reactant gas 1rom said CVl/CVD furnace. 

45 

2. The process of claim 1 , wherein said CVl/CVD furnace comprises a susceptor wall, and further comprising the step 
of heating said susceptor wall, and said step of heating said sealed preheater comprises the step of radiating heat 
energy from said susceptor wall to said sealed preheater. 

so 5. The process of claim 1 , wherein said sealed preheater is disposed in close proximity to said susceptor wall. 

4. The process of claim 1 , wherein said CVl/CVD furnace comprises a susceptor wall having at least first and second 
susceptor wall portions and at least first and second induction coils, said first induction coil being inductively cou- 
pled to said first susceptor wall in a manner that transforms electrical energy from said first induction coil to heat 
55 energy in said first susceptor wall, and said second induction ooil being inductively coupled to said second suscep- 
tor wall portion in a manner that transforms electrical energy from said second induction coil to heat energy in said 
second susceptor wall portion, said sealed preheater being disposed proximate said first susceptor wall portion 
and being heated to said preheater temperature at least in part by radiant heat energy from said first susceptor wall 
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portion; and 

wherein said step of adjusting said heat exchanger temperature comprises the step of adjusting electrical 
power to said first induction coil. 

5. The process of claim 1 , wherein said CVI/CVD furnace comprises a cylindrical susceptor wail having at least first 
and second cylindrical susceptor wall portions and at least "first and second cylindrical induction coils, said first 
cylindrical induction coil being concentrically disposed around and inductively coupled to said first cylindrical sus- 
ceptor wall in a manner -that transforms electrical energy from said first cylindrical induction coil to heat energy in 
said first cylindrical susceptor wall, and said second cylindrical induction coil being concentrically disposed around 
and inductively coupled to said second cylindrical susceptor wall portion in a manner that transforms electrical 
energy from said second cylindrical Induction coll to heat energy In said second cylindrical susceptor wall portion, 
said sealed preheater defines a generally cylindrical preheater perimeter concentrically disposed within and in 
close proximity to said first cylindrical susceptor wall portion and being heated to said preheater temperature at 
least in part by radiant heat energy from said first cylindrical susceptor wall portion; and 

wherein said step of adjusting said preheater temperature comprises the step of adjusting electrical power 
to said first induction coil. 

G. The process of claim 1 , wherein said CVI/CVD furnace comprises a generally cylindrical susceptor wall, and said 
sealed preheater comprises a generally arcuate preheater perimeter in close proximity to said cylindrical susceptor 
wall. 

7. The process of claim 1 , wherein said sealed preheater is resistance heated by electrical energy. 

8. The process of claim 1 , wherein said preheater outlet corrprises an array of perforations. 

9. The process of claim 1 , wherein said reactant gas deposits a carbon matrix having a substantially rough laminar 
microstructure within said at least one porous structure. 

1 0. The process of claim 1 , wherein said at least one porous structure is a carbon porous structure, and said reactant 
gas deposits a carbon matrix within said at least one porous structure. 
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© Treatment of a surface by laser energy. 

© In treating the surface of a material (22) with 
laser energy by sweeping a laser beam (12) over the 
surface, a substantial uniformity (30) of energy deliv- 
ery is achieved across a major portion of the trans- 
verse (x) width of the beam (12) by using an un- 
focussed beam of a ring mode configuration and 
preferably one having an outer ring (14) with at least 
some degree of interior fill (16) as is achieved by a 
laser beam continuing TEMoo and TEMoi" modes. 
The specification discusses various beam configura- 
tions. The specification introduces the concept of 
"exposure integration" which is a function not only of 
T-the beam profile in the sweep direction (z) but of the 
^rate of sweep. An exposure duration for any scanned 
point (P) of not more than 10 milliseconds is sug- 
Gjgested. The application of the invention Is particu- 
lAlarly described with reference to marking the surface 
^of paper. 
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Treatment of a surface by laser energy 



This Invention relates to the treatment of the 
surface of a material by laser energy and Is con- 
cerned with a method and apparatus for such treat- 
ment. One particular application of the invention is 
to the marking, of the surface of a web of paper by 
application thereto of laser energy. Such marking 
may be the application to the web of a repeated 
logo or other visual mark short of perforating the 
web or producing an undue charring of the paper 
that would be aesthetically unacceptable. However, 
the principles of the invention are considered to be 
of more general utility In cases where a surface of 
a material is treated by scanning a laser beam 
thereover to effect a change at the surface. Such 
change may or may not be visible. 

One such use of laser energy involves the 
scanning of a beam relative to the web surface to 
produce a "mark" having both length in the scan- 
ning direction and a significant width transverse to 
this direction. The width may be several millime- 
ters. The mark, logo or whatever applied to the 
material surface may be made with the aid of a 
mask or stencil and should present a uniform ap- 
pearance. This requires seeking a uniformity of 
effect from the delivery of the scanning laser en- 
ergy. 

An example of marking a paper web by a laser 
beam with the aid of an Image-bearing mask Is 
disclosed in European patent specification EP-A 
0278505. In this specification. It is shown how a 
laser beam may be brought to a line focus, the line 
extending the required width in the direction trans- 
verse to the scan direction. In the embodiments 
disclosed in that specification the mask is scanned 
past the fixed line provided by the beam. 

Copending European patent application 
89301486.0 filed 16th February, 1989 and pub- 
lished under the number EP-A 0329438 on 23rd 
August, 1989 discloses another arrangement using 
a laser beam for marking a web with the aid of a 
mask or stencil. In this case an unfocussed, but 
collimated, laser beam Is employed. The beam has 
a cross-section whose diameter satisfies the width 
requirement of the Image transverse to the direc- 
tion of scan. 

The present invention has arisen out of work 
done in investigating the uniformity of marking ob- 
tained when a laser beam is scanned relative to the 
surface of a material, and more particularly the 
uniformity in the direction normal to the scan direc- 
tion. More generally this has led to the consider- 
ation of obtaining a uniform treatment of the sur- 
face or surface 2one of a material by scanning a 
. laser beam thereover In which energy is applied 
over a significant width transverse to the scan 



direction. 

At the same time as seeking to achieve this 
uniformity, It Is desirable to achieve an efficient 
utilisation of the beam and to avoid having to use a 

5 laser of unduly excessive power. Take for example, 
a beam having a simple circularly symmetrical, 
Gaussian distribution. I.e. a TEMoo mode beam, it 
has a high central peak of irradiance rapidly drop- 
ping to low Irradiance levels away from the centre. 

10 It will be readily appreciated that the strip irradiated 
by such a beam on sweeping a surface will receive 
a far greater total exposure where the peak sweeps 
than at the lateral margins. More uniform exposure 
can be achieved by truncating the beam - that is 

is masking off the lateral portions - to concentrate on 
the central area. This reduces the width of strip 
treated as well as wasting a substantial portion of 
the beam power. If the beam diameter is increased 
to make up for the lost width, then a higher power 

20 laser is required to achieve the same irradiance in 
the active portion of the beam. 

We shall describe hereinafter how by proper 
selection of the operating mode of the laser, and 
specifically by use of a ring mode laser, it is 

25 possible to achieve a substantially uniform delivery 
of energy across a major proportion of the scanned 
width of an untruncated beam. That is to say that 
the efficiency of utilisation of the beam is good if 
the beam is truncated to the appropriate proportion; 

30 or put another way for a given width scanned, the 
required power of the laser may be kept to a 
minimum for the surface treatment required. More 
particularly, it has now been discovered that to 
achieve these desirable results the rate of scan of 

35 the beam should be such as to result in an in- 
tegrated effect on the material treated to which the 
name "exposure integration" is given. 

According to one aspect of the present inven- 
tion there is provided a method of treating the 

40 surface of material with laser energy in which a 
laser beam is scanned relative to the surface, 
characterised in that: 

the laser beam is unfocussed at the surface, 

the cross-section of the beam at the surface has a 

45 significant width transverse to the direction of 
scan,-the cross-section of the beam at the surface 
exhibits an intensity distribution distinctive of the 
propagation mode structure of the beam, 
the mode structure comprises a ring mode, and 

so the scanning velocity of the beam relative to the 
material Is such that at any scanned point on the 
surface, the thermal energy generated is a function 
of the Integral of the beam irradiance profile acting 
at that point as the beam traverses the point 
In another aspect of the Invention, there is 
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provided a method of treating the surface of ma- 
terial with laser energy in which a laser beam is 
scanned relative to the surface, characterised in 
that 

the laser beam is unfocussed at the surface, 5 
the cross-section of the beam at the surface has a 
significant width transverse to the direction of scan, 
the cross-section of the beam at the surface exhib- 
its an intensity distribution distinctive of the propa- 
gation mode structure of the beam, jo 
the mode structure comprises a ring mode, and 
the scanning velocity of the beam relative to the 
material is such that at any scanned point on the 
surface, the exposure duration is sufficiently short 
to ensure that the point responds to the integrated is 
energy derived from the beam irradiance profile 
acting at that point as the beam traverses the point 

The ring mode structure referred to in the 
above defined methods may be circularly symmet- 
rica). Preferably the Intensity distribution of the 20 
mode structure comprises an outer ring and a 
central peak. This mode structure may be achieved 
by the combination of TEMoo and TEMoi* modes. 

A specific application of the invention to the 
treatment or imaging of paper and the laser power 25 
used is below a level at which significant charring 
occurs. Present experience indicates that were the 
material is paper, the exposure duration should be 
not more than 10 milliseconds. 

In yet another aspect of the invention, there is so 
provided apparatus for treating the surface of a 
material with laser energy comprising: 
a laser providing a beam with a ring mode struc- 
ture, 

a material surface receiving location, 35 
means for directing the laser beam to said location 
as a non-focussed beam having a significant di- 
mension in a predetermined direction, 
means for effecting a relative scanning motion be- 
tween the beam and a material surface received at 40 
said location in a direction substantially normal to 
said predetermined direction, said scanning-effec- 
ting means providing a scanning velocity such that 
at any scanned point on the material surface, the 
thermal energy generated is a function of the in- 45 
tegral of the beam irradiance profile acting at that 
point 

In the above apparatus the laser beam may be 
circularly symmetrical A preferred ring mode 
structure has an outer ring encircling a central so 
peak. This structure may be achieved by the com- 
bination of TEMoo and TEMoT modes. 

Preferably for paper at feast, the scanning- 
effecting means provides an exposure duration for 
any scanned point that Is not more than 10 mil- 56 
liseconds. 

This invention and its practice will be further 
described with reference to the accompanying 



drawings in which; 

Fig. 1 shows a laser beam scanning the 
surface of a material to be treated, and the profile 
of a diametric intensity distribution for the beam; 

Fig. 2A shows a representation of the beam 
intensity as a three-dimensional figure; 

Fig. 2B shows an energy distribution curve 
across the width of the strip on the surface 
scanned by the beam; 

Fig. 3A shows a preferred irradiance profile ' 

for the laser beam; 

Fig. 3B illustrates the positions of the profiles 
illustrated in Fig. 4; 

Figs. 4A to 4D shows Irradiance profiles for 
four different "slices 0 through the beam; 

Fig. 5 is a graph showing the power distribu- 
tion profile for the z-direction slices through a 
beam having the diametric Irradiance profile of Fig. 
3A; 

Fig. 6 is a graph showing the accumulation 
of radiant exposure as points on the surface are 
scanned with the slice Irradiance profiles of Fig. 4A 
to 4D; 

Fig. 7 shows slice profiles through a ring- 
mode beam having a central zero irradiance; 

Ftg. 8 is a graph similar to that of Fig. 5 for 
the beam of Fig. 7; 

Fig. 9 shows a graph similar to that of Figs. 
5 and 8 for a beam having a theoretical "top-hat" 
profile; and 

Fig. 10 shows one diagrammatic example of 
apparatus embodying this invention. 

Fig. 1 shows a laser beam 10 sweeping across 
the surface 20 of a material to sweep a path 22 of 
width Lx, which In this example is equal to the 
diameter d of the beam. The beam is swept in the 
direction of arrows Z. The manner in which the 
relative movement between beam and the material 
surface Is achieved is not relevant to this discus- 
sion. It Is assumed the beam impinges substan- 
tially normally to the material surface. The beam 
may be utilized to apply a logo to the surface 20 
by sweeping it across a mask or stencil such as 
that seen In Fig. 10 of EP-A 0279505. However, the 
following discussion is concerned generally with 
the energy delivered to points across the width of 
path 22. 

The beam 10 illustrated is an example of a ring 
mode of operation of the laser source. The cross- 
section 12 of the beam is shown in a simplified 
form as having an outer peripheral ring 14 and an 
inner central peak 16. The irradiance distribution of 
the beam is circularly symmetrical in a cross- 
section through the beam and this form of beam 
can be realised by a laser operating in a TEMoo + 
TEMo/ mode. The TEMoo mode produces the 
central peak, the TEMoi" mode produces the outer 
ring. A diametric beam integrated energy profile 30 



EP 0 384 582 A1 



6 



is shown upstanding from path 22. The integrated 
energy distribution is illustrated and discussed 
more fully below. In this description the Irradiance 
(power density) of the beam will be denoted by E 
(in WAn 2 ). The direction of beam sweep will be 6 
denoted by z and the transverse direction by x. 

Fig. 2A Illustrates one half of a typical Irradi- 
ance distribution as a three-dimensional profile. 
The diametric slice taken across the profile is plot- 
ted in Fig. 3A. Fig. 2B shows the simplified beam io 
cross-section 12 sweeping along path 22. To the 
right of the figure a curve is plotted in stepwise 
increments for the total energy density or radiant 
exposure H (in Joules/m 2 ) delivered to any point 
such as P K In the path of the beam lying at a /s 
distance x from the central longitudinal axis 2*,. 
Because the beam is symmetrical, x = 0 will be 
taken to lie on axis z 0 and distances x measured as 
offset distances from this axis: in some of the later 
description x is expressed as a fraction of beam 20 
radius. The~energy delivered to any point P x - 
represented as a small area of finite width in the x 
direction - is proportional to the integral of the slice 
18 in the z-axis direction through the beam irradi- 
ance distribution of Fig. 2A that traverses P x during 25 
the sweep. What curve 30 shows is that the energy 
delivered is remarkably uniform over a substantial 
proportion of the width Lx, i.e. the beam diameter 
d. The energy delivered only drops at the extrem- 
ities where the profile slice acting on a point such so 
as P x becomes almost tangential to the beam. It 
will be appreciated that the margins of the beam 
where the total energy delivered drops can be 
masked off to truncate the beam cross-section in 
the x direction to that portion at which the near 35 
unifoTm energy delivery is obtained. 

Turning now to a more specific example, Fig. 
3A shows a diametric slice through the beam irradi- 
ance (E) distribution for a combined TEMoo and 
TEMoi" modes such as illustrated in Fig. 2A The ao 
central peak 16 has an amplitude approximating 
the peak amplitude of the ring 14. The diameter of 
the peak of the outer ring is denoted 4. In contrast 
to the simplified diagrams, it will be seen that the 
fall away of the central peak and of the outer ring 4$ 
from the peak values is such that between the two 
is a valley 19 whose minimum amplitude Is still 
substantial. In the case illustrated it is somewhat In 
excess of half the peak value. The profile in Fig. 3A 
is for the irradiance of the beam along the dlamet- $0 
ric axis x in Rg. 3B. 

Figs? 4A to 4D show irradiance profiles taken 
along z-axis directed slices at distances xi, x*. x 3 
and x* respectively from the central axis zo (x = 
0). These slices are shown in Rg. 3B. In fact what 55 
Is shown in each case is a half-profile: the com- 
plete profile is symmetric about the diametric x- 
axis of Rg. 3B which lies at Z = 0 In Rgs. 4A-D. 



As will be apparent from Rgs. 4A-D, the Irradiance 
profile increasingly departs from that of Rg. 3A as 
x Increases. It will also be noted that the extent of 
the profile in the z direction decreases with In- 
creasing x to become vanishingly small as x ap- 
proaches "the beam radius - the tangential con* 
dition. Thus any point P x at distances xi, x*. xa and 
Xi will be scanned by the irradiance profile of Rg. 
4A, 4B, 4C or 4D respectively, a central axis point 
being scanned by the profile of Rg. 3A. 

The power available to act on a single point in 
the path of a profile slice at the distances Xi, xa, 
xa, X4 etc. is illustrated in Rg. 5 In which the 
abscissa again represents x. The ordinate H is the 
integral of the slice profile in the z direction for 
each value of x and represents the" power In the 
slice for an arbitrarily small slice width ax. (dP/dx) 
or alternatively can be expressed In terms of the 
radiant exposure (energy per unit area deliverable) 
in J/m 2 for a point at a distance x from the central 
axis and scanned by the pertinent slice profile as 
the beam moves across the material surface at 
constant velocity. The total energy delivered will of 
course depend on the beam velocity, a factor to be 
discussed later. 

The delivery of energy to points lying at the 
distances x tf x 2 , x 3 and x* (s further illustrated in 
Rg, 6 which shows how the total energy. ZH. 
accumulates with time as the beam is scanned. 
From Rgs. 5 and 6 It is seen that at distances xi, 
x 2 , xa all within the radius 4, the energies delivered 
and the rate at which energy is delivered are 
closely comparable. At x* beyond the peak of the 
outer ring, the energy Is beginning to fall signifi- 
cantly. 

What the foregoing shows is that the ring mode 
laser beam illustrated is capable of delivering a 
substantially uniform amount of energy to a strip of 
material scanned by the beam, notwithstanding the 
apparently widely different irradiance values avail- 
able in the beam cross-section. If a strip of material 
surface Is to receive substantially the same energy, 
the beam can be truncated or masked in the x 
direction to remove the lateral margins. It Is desir* 
able that If this is done, the amount of beam power 
lost should not be too great. This can be expressed 
as truncation efficiency, that is the proportion of 
total beam power available when the lateral extent 
of the active beam is restricted to a given fraction 
of the diameter. The combined TEMoo + TEM01* 
Is considered favourable in this respect 

The analysis so far has considered the case 
where the central peak 18 does not exceed the 
peak of the outer ring 14 by any great amount. On 
one extreme Is the case where the central peak 
entirely predominates, i.e. virtually a TEMoo beam 
having a Gaussian distribution about its centre. 
This Is no longer a ring mode. As has already been 
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pointed out In the Introductory portion of this speci- 
fication, such a beam cannot combine efficient 
beam utilisation with uniform energy delivery to a 
strip of material. At the other extreme, the beam 
can virtually lose the central peak to just leave the 
outer ring. Fig. 7 shows a set of profiles in the z- 
axis direction for a TEMoi* mode beam with a 
centre or on-axis zero. Profiles are taken for x 
values of 0, 0.2, 0.4 and 0.6 expressed as a frac" 
tion of beam radius, the irradiance value on the y- 
axis being normalized to unity for the peak value. 
The energy deliverable along profile slices in the z- 
dlrection (also expressed as a fraction of beam 
radius) or to put it in other words, the power 
contained In slices of a width ax, is illustrated as 
curve 40 In Fig. 8 which is plotted in the same 
terms as, and should be compared with, Fig. 5. 
The y-axis scale In Fig. 8 is normalised to unity at 
the peak value. Instead of the slight peak on the 
axis z 0 in Fig. 5, Fig. 8 shows a dip on the zero 
axis, though for values of x to about 0.55 the 
uniformity of radiant exposure is about t 10% 
taking the 0.9 ordinate value as the datum. The 
variation in exposure acceptable will depend on the 
particular application but the figure quoted is one 
presently considered reasonable, particularly in the 
light of experience in marking paper. It is clear, 
however, that a TEMoo mode component is of 
benefit in obtaining a more uniform energy distribu- 
tion. 

Fig. 8 also shows a curve 50 which represents 
the truncation efficiency expressed as a fraction on 
the yaxis. In accord with the definition given above 
this is the fraction of beam power allowed through 
a slit of width 2x (beam diameter is 2) whose 
longitudinal axis lies on the zo axis: that is the 
curve 50 as plotted shows the fractional trun- 
cational efficiency for a slit of half-width x. The 
truncation efficiency at the x * 0.55 value just 
discussed is 0.8. 

To further explore the limits of usable beam 
profiles, consider a theoretical profile which can be 
termed a "top-hat" profile. In a representation of 
the kind seen in Fig. 2A this profile would be a 
right cylinder of radius d and in a diametric profile 
of the kind shown in Fig. 3A would have a rectan- 
gular (flat top) profile across the full-beam diam- 
eter. Fig. 9 shows in curve 42 the power contained 
in slice profiles as is done in Fig. 8, and in curve 
52 the truncation efficiency. For a truncated beam 
having the same ±10% radiant exposure about the 
same 0.9 datum as in Fig. 8, the slit half-width is 
slightly greater at 0.6, so it is a little more efficient 
in beam utilisation. For comparison, the embodi- 
ment of Figs. 2 and 3 provides a truncation effi- 
ciency of about 85% for a slit half-width slightly 
greater than 0.6. 

All the examples illustrated are ring modes. 



The single outer ring with centre zero is the sim- 
plest case. The top-hat profile Is more akin to the 
combined TEMoo + TEMoT analysed earlier but 
with a uniform fill across the whole beam. It is 

5 possible to generate multi-mode beams comprising 
large numbers of higher-order modes which have a 
central circular plateau, albeit with secondary peaks 
imposed on this and without of course, having 
exactly vertical edges. What has emerged from the 

jo investigation made so far Is that In addition to the 
ring mode itself, a central peak Is beneficial: where 
there is a central intensity peak, the value of it 
should preferably be about that of the outer ring or 
not much in excess of It to obtain a reasonably 

is uniform energy delivery across a major proportion 
of the beam width transverse to the scan direction. 

The foregoing analysis of various beam profiles 
has demonstrated the capability of ring modes to 
deliver a substantially uniform amount of energy to 

20 points along the strip of material traversed by the 
beam over a major proportion of the beam diam- 
eter. However, it Is necessary for the scanning 
velocity of the beam to be sufficient to achieve 
exposure integration. This will now be further ex- 

25 plained. 

If we take the presently preferred kind of profile 
such as shown in Rg. 2A (TEMoo + TEMoi*). it is 
necessary that the beam sweep at a velocity such 
that the material surface does not respond to the 

30 fine structure of the beam profile. Investigation has 
shown that at low speeds paper responds to the 
rate of energy delivery, and for example along the 
z 0 axis would respond to the three peaks of the 
profile of Rg. 3A. In order to have the paper 

36 respond to the Integrated energy, such as shown at 
30 In Rg. 2B and in greater detail in Figs. 5 and 6, 
it is considered necessary to have an exposure 
duration less than about 10 milliseconds. This has 
been specifically investigated on a paper having a 

40 weight of about 50 g/m 2 . The exposure duration is 
the time for which a point swept by the beam is 
exposed to the pertinent slice profile. The maxi- 
mum exposure duration is thus along the z 0 axis 
. where the profile is the full beam diameter d. The 

45 scanning velocity must therefore be in excess of 
d/10 m/s, where d is in mm., which is about 80 m/s 
In the present case. 

In general in considering the exposure dura- 
tion, it Is required that In the time taken for the 

so beam to sweep across any given point on the 
surface of the material being treated, significant 
thermal relaxation effects should not have oc- 
curred, and that therefore the material responds to 
the total energy delivery rather than to the rate of 

65 delivery (power) during the exposure period. 

In the case of marking paper which has been 
particularly discussed, we are concerned with the 
conversion of the impinging radiant energy to ther- 
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mal energy which then produces an effect in a 
surface-adjacent zone of the material. Paper is 
fibrous and has a highly open structure as seen at 
the laser wavelength. Light will be multiply scat- 
tered by the fibres near the surface as it penetrates 
Into the open structure and is relatively gradually 
absorbed and converted to heat. In addition paper 
Is a complex material. In particular its fibrous struc- 
ture can be expected to include a few percent by 
weight of moisture even if the paper is notionally 
dry. Thus any heat generated will in part at least 
act to drive off this water before the heat will much 
affect the cellulose. 

In the sort of marking application mentioned 
earlier, the heat generated by the impinging laser 
beam Is believed to alter the fibrous structure in 
some way, perhaps as a result of first evaporating 
moisture, before any charring of the fibres begins. 
This alteration of the fibrous structure may itself 
produce a visible mark. There may then follow a 
charring of the fibres but without burning them 
away. It has been found that by the application of 
exposure integration as described in this specifica- 
tion It has proved possible to provide a logo or 
similar mark on a paper web which has a good 
uniform, visual appearance without being unduly 
pronounced. 

Fig. 10 diagrammatically illustrates one appara- 
tus for generating a laser beam to sweep a material 
surface such as shown in Figs. 1, 2 and 2A. In Fig. 
10 a laser 100 is used to generate a beam 110 that 
is directed along a beam path 112 to a web path 
114. A material such as a paper web is tranported 
along this path from say one reel 116 to another 
117 with appropriate rollers 118 as will be under- 
stood in the art. The path could be within a paper- 
making machine. The beam 110 impinges on the 
web path 114 and longitudinally scans the path by 
virtue of the web transport. The beam impinging on 
the web at location 120 is the unfocussed, coi- 
limated beam of ring mode structure discussed 
above. 

The beam may be used with an imaging mask, 
which may involve applying an optical scanning 
motion to the beam itself. The use of such image 
scanning for marking a moving web with an un- 
focussed, collimated, laser beam is described in 
EP-A 0329438 mentioned above. 



Claims 

1. A method of treating the surface of material 
with laser energy in which a laser beam is scanned 
relative to the surface, characterised in that 
the laser beam is unfocussed at the surface, 
the cross-section of the beam at the surface has a 
significant width transverse to the direction of scan, 



the cross-section of the beam at the surface exhib- 
its an intensity distribution distinctive of the propa- 
gation mode structure of the beam, 
the mode structure comprises a ring mode, and 

5 the scanning velocity of the beam relative to the 
material is such that at any scanned point on the 
surface, the thermal energy generated is a function 
of the integral of the beam irradiance profile acting 
at that point as the beam traverses the point. 

10 2. A method as claimed in Claim 1 in which 
said ring mode structure is circularly symmetrical. 

3. A method as claimed in Claim 1 or 2 in 
which the intensity distribution of said mode struc- 
ture comprises an outer ring and a central peak. 

is 4. A method as claimed in Claim 3 in which the 
mode structure comprises the combination of 
TEMqo and TEMoi" modes. 

5. A method as claimed in any preceding claim 
in which the material is paper and the laser power 

20 is below a level at which significant charring oc- 
curs. 

6. A method as claimed in any one of Claims 1 
to 4 in which the material is paper and the expo- 
sure duration is not more than 10 milliseconds. 

25 7. Apparatus for treating the surface of a ma- 
terial with laser energy comprising: 
a laser providing a beam with a ring mode struc- 
ture, 

a material surface receiving location, 

so means for directing the laser beam to said location 
as a non-focussed beam having a significant di- 
mension in a predetermined direction, 
means for effecting a relative scanning motion be- 
tween the beam and a material surface received at 

ss said location in a direction substantially normal to 
said predetermined direction, said scanning-effec- 
ting means providing a scanning velocity such that 
at any scanned point on the material surface, the 
thermal energy generated Is a function of the In- 

40 tegral of the beam irradiance profile acting at that 
point. 

8. Apparatus as claimed In Claim 7 in which 
said laser beam is circularly symmetrical. 

9. Apparatus as claimed In Claim 7 or 8 in 
45 which said ring mode structure has an outer ring 

encircling a central peak. 

10. Apparatus as claimed in Claim 9 in which 
the mode structure comprises the combination of 
TEMoo and TEMot* modes. 

so 11. Apparatus as claimed in any one of Claims 
7 to 10 wherein said scanning-effecting means 
provides an exposure duration for any scanned 
point that is not more than 10 milliseconds. 

12. A method of treating the surface of material 

55 with laser energy in which a laser beam Is scanned 
relative to the surface, characterised In that 
the laser beam is unfocussed at the surface, 
the cross-section of the beam at the surface has a 



11 



EP 0 384 582 A1 



significant width transverse to the direction of scan, 
the cross-section of the beam at the surface exhib- 
its an intensity distribution distinctive of the propa- 
gation mode structure of the beam, 
the mode structure comprises a ring mode, and 5 
the scanning velocity of the beam relative to the 
material is such that at any scanned point on the 
surface, the exposure duration is sufficiently short 
to ensure that the .point responds to the integrated 
energy derived from the beam irradiance profile io 
acting at that point as the beam traverses the point. 

13. A method as claimed in Claim 12 in which 
said ring mode structure Is circularly symmetrical. 

14. A method as claimed in Claim 12 or 13 in 
which the intensity distribution of said mode struc- ts 
ture comprises an outer ring and a central peak. 

15. A method as claimed in Claim 14 in which 
the mode structure comprises the combination of 
TEMoo and TEMoi* modes. 

16. A method as claimed in any one of Claims 20 
12 to 15 in which the material is paper and the 
laser power is below a level at which significant 
charring occurs. 

17. A method as claimed in any one of Claims 

12 to 15 in which the material is paper and the as 
exposure duration for any scanned point is not 
more than 10 milliseconds. 
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